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Margaret Wheeler i 
Abstract 
 
This thesis examined aspects of the reproductive and molecular biology of 
Eucalyptus marginata (jarrah). The aims were to develop protocols for controlled 
pollination, that could be used in clonal orchard trees to breed jarrah seedlings that 
have a known genetic resistance to Phytophthora cinnamomi (dieback), for use in 
rehabilitation after mining and logging. An intimate knowledge of the breeding 
biology of jarrah was necessary to achieve this aim. The project also aimed to 
increase knowledge of the genetic diversity and structure of jarrah, in order to make 
informed decisions regarding the collection of material to be used for clonal 
propagation. Previous research has had little success in producing viable seed from 
any controlled pollinations, but clonal material resistant to P. cinnamomi has been 
produced using tissue culture. The question posed in this thesis was ‘Can we 
improve breeding and propagation techniques of jarrah?’  
 
Techniques were developed for testing of in vitro pollen viability and pollen storage, 
pollination and fertilisation success after controlled pollinations, including 
determination of stigma receptivity and development of bud isolation techniques 
using alfoil. The variation in female fertility between genotypes was examined. The 
use of paclobutrazol was explored as a method of increasing the level of viable seed 
production in clonal orchard trees. The use of fertiliser as well as the growth 
retardant was also explored to see if it increased the level of seed production even 
more. Genetic diversity, genetic differentiation and phylogeny within Eucalyptus ii 
marginata were examined using nuclear and chloroplast DNA analysis with 
Restricted Fragment Length Polymorphisms.  
 
While it was first thought that the fertilisation rate was quite low, it was confirmed 
that the fertilisation rate is similar to other eucalypt species. The zygote abortion rate 
was quite high in one clone, but one wild tree had a similar seed production rate to 
other eucalypt species. The zygote and endosperm appeared to be different in the 
clone and the wild tree observed. The level of seed production was examined in 
clones and wild trees and it was found that the level was often quite low, particularly 
in the clones (0 – 13% in clones, 0 – 18% in wild trees) in comparison with other 
Eucalyptus species, and varied between genotypes. The use of a growth retardant 
such as paclobutrazol may increase the production of viable seed, if it is applied 
during autumn. The results were inconclusive for the fertiliser/paclobutrazol 
experiment, since the paclobutrazol was applied during spring which was the worst 
time of year for increasing seed production. There were differences between 
genotypes in reaction to both the paclobutrazol and the fertiliser/paclobutrazol. 
Genetic diversity was moderate in comparison with other Eucalyptus species, and 
there was a low level of genetic differentiation between populations in the nuclear 
genome. No differentiation was observed between the morphologically recognised 
subspecies in the nuclear genome, but differentiation between the populations on the 
Swan Coastal Plain and populations on the Darling Plateau was seen in the 
chloroplast genome, indicating that there was historical separation of these two 
areas. 
 iii 
The conclusions arising from this work are that while controlled pollinations are 
possible in Eucalyptus marginata the clones that were used in these experiments 
have often behaved differently to the wild trees in the time of anthesis and levels of 
viable seed production, and in one clone (5J119) the zygote and endosperm nuclei 
appeared to be very different to the zygote and endosperm nuclei of a wild tree. 
Further investigation is necessary to see if these differences are related to the low 
level of seed production observed in the clonal populations. Paclobutrazol may be 
worth exploring further as a means of increasing seed production. Material to be 
used for rehabilitation and seed orchards can be collected from a wide area in the 
main distribution of the species, although trees on the Swan Coastal Plain are distinct 
from the trees in the main forest area in the chloroplast genome. 
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Chapter 1. Introduction 
 
Eucalyptus marginata Donn ex Smith (jarrah) is a long-lived forest tree occurring 
over a wide region in the south west of Western Australia from 100 km north of 
Perth to the south coast (Fig. 1). It is popular for its durable, fine-grained timber and 
has been heavily logged in many parts of its distribution area. Little regeneration of 
jarrah forest is being undertaken at present, except for areas that are being 
rehabilitated after having been stripped for bauxite mining. E. marginata trees are 
prone to the pathogen Phythophthora cinnamomi (jarrah dieback), which may result 
in their decline and eventual death (Dell and Wallace, 1981). The susceptibility of E. 
marginata  to dieback has discouraged replanting. This thesis aims to provide 
information on breeding jarrah that is resistant to dieback, enabling regeneration to 
be undertaken, whilst preserving the genetic diversity and structure that is present 
within the species.  
 
Eucalyptus marginata occurs on well-drained calcareous sands, sands over laterite, 
iron hardpan or massive ferruginous laterite (Churchill, 1968), in the rainfall zone of 
greater than 600mm per annum (Dell and Havel, 1989). Trees are of lower quality 
when annual rainfall drops below 1000mm per annum and jarrah only occurs in areas 
where the minimum monthly rainfall is 7 – 14 mm and where the maximum monthly 
rainfall is greater than 123.5mm (Churchill, 1968). Outliers occur where runoff from 
large granite rocks increases the available water, such as Jilikan Rock, or by impeded 
drainage in the lower soil horizon, such as Katanning and Mt. Leseur (sand over 
laterite and clay) (Churchill, 1968). Compared to other Mediterranean ecosystems                                                                                                    Chapter 1. Introduction 
2 
jarrah forest produces much larger trees than Pinus species in areas such as the Greek 
islands, or the broad leafed Quercus woodlands of the Mediterranean region (Dell 
and Havel, 1989). These are more the size of the Banksia in woodlands seen in the 
Perth coastal region. The size of the jarrah trees is also unusual because the soils of 
much of the jarrah forest are highly leached and consequently some of the most 
impoverished forest soils in the world (Bell and Williams, 1997; Dell and Havel, 
1989). 
 
 subsp. thalassica
  subsp.    elegantella
 subsp. marginata
Map area
PERTH
Bunbury
Albany
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Figure 1. Distribution areas for the three recognised subspecies of Eucalyptus 
marginata. 
 
Three subspecies of Eucalyptus marginata have been recognized on morphological 
data (Brooker and Hopper, 1993). Eucalyptus marginata ssp. marginata is the forest                                                                                                    Chapter 1. Introduction 
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tree seen in the majority of the distribution, typically a tall, upright tree with dark 
green leaves, ssp. thalassica has a more weeping habit with blue/green leaves and 
occurs on the northern part of its Darling Range distribution, and ssp. elegantella is a 
small, compact tree with small, narrow, olive/green leaves occurring on the Swan 
coastal plain, often on granitic clays (Fig. 1, Brooker and Hopper, 1993).  
 
Eucalyptus marginata has several features that enable it to withstand the summer 
droughts. It has an extensive lateral and sinker (vertical) root system (Abbott et al., 
1989) that can acquire and recycle nutrients in a nutrient poor environment, assisted 
by several species of ectomycorrhizal fungi. Ectomycorrhizal fungi are more 
plentiful on jarrah roots in winter and spring, and are found associated with litter and 
organic matter in the soil (Malejczuk and Hingston, 1981). E. marginata develops a 
lignotuber over several years at the seedling stage before it proceeds with sapling 
development. The lignotuberous stage can last up to 20 years on the forest floor, and 
the plant develops an extensive root system, before the sapling develops (van Noort, 
1960). Seedling growth begins with the establishment of the three-tiered root system, 
before the shoot develops. The lignotuber helps protect the seedlings from drought 
and fire. Its capacity to cope with fire from the seedling stage until maturity is 
through the use of adventitious buds in the lignotuber and trunk that are protected by 
thick bark. The durable timber is able to resist termite attack (Dell and Havel, 1989). 
This enables the trees to live for 300-400 years, longer than most other tree species in 
the area (Dell and Havel, 1989).  
                                                                                                    Chapter 1. Introduction 
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Eucalyptus marginata is susceptible to the root pathogen Phytophthora cinnamomi 
(dieback), which affects many species in the forests and sand plains of the south west 
of Western Australia. The most susceptible roots are the tips of long roots, and non-
mycorrhizal short roots, roots with a suberized periderm, and mycorrhizas (Dell and 
Malajczuk, 1989). The pathogen attacks the fine, surface feeder-root system of E. 
marginata (Shea and Dell, 1981; Dell and Wallace, 1981) which is rapidly impaired 
(Dell and Malajczuk, 1989). Dieback survives in well-drained soil as mycelium or as 
clamydospores embedded in either roots or decaying plant matter (Dell and 
Malajczuk, 1989). The short lateral roots that are produced soon after rainfall have an 
abundance of mycorrhizae present and are responsible for nutrient uptake (Shea and 
Dell, 1981). These root tips are relatively unprotected and are susceptible to damage 
by pathogens, such as dieback (Dell and Wallace, 1981). Zoospores are attracted to 
the root tip region of cell elongation, and natural defence responses from the tree 
may be decreased if the root tips have undergone waterlogging (Burgess et al., 
1999). Dieback may also be present in the perennial lateral and sinker roots (Shea 
and Dell, 1981). Davison and Tay (1989) found that infestation of P. cinnamomi did 
not significantly change flowering patterns but the cambium in infected trees was 
more active than in non-infected E. marginata trees growing at the same site.  
 
Steps have been taken over the past twenty years, to select resistant clones, and 
orchards are being established with the resistant clones in order to produce resistant 
seedlings (McComb et al., 1994; Stukely and Crane, 1994). Selection of the original 
mother trees was based on the apparent resistance in the field to P. cinnamomi, 
indicated by crown symptoms. Open-pollinated seed was raised from these trees, and                                                                                                    Chapter 1. Introduction 
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the resultant seedlings tested for resistance with P. cinnamomi inoculation trials. 
Trees were not tested for fertility, but all material was derived from seedling 
propagation (McComb et al., 1994; Stukely and Crane, 1994). Clones were produced 
from the resistant seedlings through tissue culture techniques (Bennet, 1988), and 
labelled with the first number relating to the number of the mother tree, and the 
second number relating to the seedling number. For instance the clone 1J30 is related 
to the clone 1J65 as a half-sib, at least. 
 
Regeneration of jarrah forest is also being undertaken, following clear-felling and 
mining for bauxite, and in areas that have been badly affected by the pathogen. 
Production of trees of selected genotypes can be achieved through in-vitro methods, 
but is expensive and time-consuming. Broad scale planting for regeneration and 
rehabilitation requires methods that are fast, and able to produce large numbers of 
trees. For this reason, seed orchards of genotypes of Eucalyptus marginata resistant 
to dieback have been established (McComb et al., 1994; Stukely and Crane, 1994). 
There has also been some work undertaken on controlled pollination methods, 
including in-vitro pollen germination and storage (McComb, unpub). While it was 
possible to control pollinate jarrah flowers, seed maturation rates were low. In-vitro 
pollen germination was also low, although optimal storage conditions for pollen 
appeared to be similar to other Eucalypt species. Rehabilitation and production of 
clones would be assisted with improved knowledge of the plant’s reproductive 
biology for the development of appropriate silvicultural practices, including effective 
controlled pollination procedures. This would enable breeding programs to be 
undertaken. The little work that has been undertaken to date on the breeding biology                                                                                                    Chapter 1. Introduction 
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of Eucalyptus marginata has had little success in producing seeds from controlled 
pollinations. This thesis aims to improve knowledge of the breeding biology of 
jarrah.  
 
Most eucalypts have hermaphrodite flowers (in common with other Myrtaceous 
genera), and are pollinated by birds or insects. Fruits are dry, woody capsules that 
contain small seeds. Flowering and seed production varies greatly between species. 
Flower buds are often shed by the trees as a result of adverse conditions such as 
insect and disease attack, wind, frost or drought, at any time from the primordial 
stage until just prior to anthesis (Elridge et al., 1993). Flowering does not occur in 
Eucalyptus marginata until it has reached the sapling stage, and occurs in abundance 
only every four to six years (Abbott et al., 1989), ensuring difficulties for breeders. 
Bud primordia appear in December/January and anthesis is from September to 
December, with capsules maturing in the following September. Some of the seed is 
shed approximately three months later while some remains on the tree, but the 
pattern of seed release can be changed by the incidence of fire. A heavy seed crop is 
produced once every five or six years, and is influenced by the size of the tree, 
spacing, age, dominance status, crown condition, weather and seed-destroying 
insects (Abbott et al., 1989, Elridge et al., 1993). Although E. marginata is adapted 
for growth in nutrient-poor soils, seedlings respond well to extra fertiliser (nitrogen, 
phosphorous and potassium) in the field. However, fertiliser makes little difference 
to diameter growth in jarrah pole saplings (Abbott et al., 1989).  
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The breeding system of eucalypts is of interest to plant breeders, so that they are able 
to make informed decisions regarding the suitability of male and female parents for 
seed stock. Many members of the Myrtaceae family have mechanisms of self-
incompatibility, although many can show as much ability to self-pollinate as cross-
pollinate (Rye and James, 1992). In the genus Eucalyptus outcrossing rates estimated 
from seedling genotypes usually ranges from 69-86% (James & Kennington, 1993; 
Moran and Bell, 1983) even though self-pollination, and often self-fertilisation, is 
readily achieved in most species (Sedgley and Granger, 1996; Sedgley et al., 1989). 
While eucalypt flowers are protandrous, flowers can pollinate each other on the same 
tree (Griffin et al., 1987; Hardner and Potts, 1995; James and Kennington, 1993; 
Kennington and James, 1997; Moran and Bell, 1983; Sampson et al., 1995; Savva et 
al., 1988) resulting in a high self pollination rate. High post-zygotic abortion rates 
are thought to be largely responsible for the resultant high proportion of outcrossed 
seed (James and Kennington, 1993; Sedgley and Granger, 1996; Sedgley et al., 
1989), and there is some evidence that selection against selfed seedlings continues 
until maturity of the tree (Hardner and Potts, 1995; Kennington and James, 1997). 
Isolated trees often show a higher proportion of selfed seed, but this seed may not be 
as vigorous as outcrossed seed and may have less survival potential (James and 
Kennington, 1993). The proportion of fruits obtained from self-pollinations or self-
fertilisations is far lower than for outcrossings in several eucalypt species, and where 
fruit does develop, the seed numbers per fruit are often comparatively fewer, and 
seed weight less, with the resulting seedlings showing less vigour than outcrossed 
seedlings (Potts and Cauvin, 1988; Pryor, 1976). 
                                                                                                    Chapter 1. Introduction 
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Ability to self-fertilise does not necessarily prevent inbreeding problems in 
eucalypts. Some species of eucalypts such as E. globulus show high levels of 
inbreeding when used in orchard or plantation situations (Potts et al., 1995). For 
example, in orchard conditions in E. regnans the effect of self pollination severely 
depressed seed set and field growth compared to outcrossing (Hardner and Potts, 
1995b). Although there was no effect on germination, nursery or field survival, 
selfed seedlings were 48% smaller, and open pollinated seedlings were 26% smaller, 
than outcrossed seedlings at eight months of age (Hardner and Potts, 1995b). The 
outcrossing rate was increased to 91% in an orchard situation where trees were 
planted to encourage maximum outcrossing, compared to 74% outcrossing in a 
natural population (Moran et al, 1989), and outcrossed seedlings showed a 12% 
increase in size compared to open-pollinated seedlings (Moran and Bell, 1983; 
Moran et al., 1989). This suggests that natural pollen pools are quite homogeneous 
and may be adding to natural levels of inbreeding (Elridge et al., 1993). Griffin 
(1980) also observed that flowering of adjacent trees of E. regnans tended to be 
synchronous. Pound et al. (2002a) found that self-incompatiblity in E. globulus ssp. 
globulus was acting at a point after the pollen tube entered the ovule. E. delagatensis 
showed a range of outcrossing levels from 66-85%, depending on the age of the tree 
(Moran and Bell, 1983). Eucalyptus marginata also has a pattern of homogenous 
pollen pools within populations (Millar et al., 2000) with few paternal parent trees 
contributing to the pollen pool. Orchard management should help to minimise the 
natural tendency for neighbourhood structuring in E. marginata, which may be 
caused by bi-parental inbreeding, and encourage outcrossing by planting genotypes 
randomly throughout the orchard.                                                                                                     Chapter 1. Introduction 
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The long generation time of forest trees makes breeding difficult with these species. 
Hormones have sometimes been used in an attempt to promote early flowering, and 
to enable the trees to produce a good seed crop every year, rather than once every 
five or six years as occurs naturally. Paclobutrazol is a growth regulator that has been 
used in eucalypts to induce precocious flowering (Griffin et al., 1993; Hetherington 
et al., 1992; Moncur et al., 1994; Williams et al., 1999a), although little work has 
been undertaken on the effect of paclobutrazol on seed production (Hasan and Reid, 
1995). The addition of nitrogen fertiliser with the application of paclobutrazol was 
also examined in E. nitens (Williams et al., 2003), and this was found to significantly 
change the timing of the phase change from juvenile into the flowering stage.  
 
Selection of clonal material for regeneration should reflect the natural genetic 
diversity and structure of the wild trees already growing in the area to be replanted. 
Some examination of the variation and diversity present within the species is 
necessary for informed decisions to be made regarding the area from which it is 
appropriate to collect seed to revegetate each site. Provenance trials of Eucalyptus 
marginata are being undertaken (Alcoa World Alumina Australia), and it is apparent 
that trees from the Swan Coastal Plain do not grow well on the Darling Plateau, 
compared to provenances that originate from the Darling Plateau. Some species of 
eucalypts show morphological intraspecific variation (Coates, 2000), but this 
variation may not be supported with molecular evidence. The morphologically 
recognised subspecies may or may not be genetically differentiated, which would 
have some bearing on decisions made regarding selection of clonal material.                                                                                                    Chapter 1. Introduction 
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Phylogeny can be useful to plant breeders who are observing a species because traits 
may be similar in other closely related species. This can be useful when previous 
work has been successfully undertaken on related species. Eucalyptus marginata 
belongs to the Monocalyptus subgenus of Eucalyptus, as part of the phylogeny of 
Eucalyptus suggested by Johnson, 1976. Subgenera and sections of subgenera can 
show a considerable degree of general associations with climate and soil nutrient 
levels. Monocalyptus species are generally absent from the more arid regions, except 
for Eucalyptus diversifolia, that extends around the Great Australian Bight (Boland 
et al., 1984). Monocalyptus comprise many of the valuable timber species. Buds 
have a single operculum, and the placental pattern consists of two contiguous rows of 
ovules. The name of Monocalyptus refers to the single calyptra (operculum), and 
belongs to Section Renentharia, which refers to the kidney-shaped anthers that 
dehisce by oblique, finally confluent slits (Boland et al., 1984). Ecological traits of 
Monocalyptus show some specificity within the subgenus (Noble, 1989), such as host 
specificity of herbivores and parasites. Secondary compounds that are produced, 
such as oils, phenolics and tannins, also show some specificity to species and the 
subgenus (Noble, 1989). Monocalyptus species are restricted to the more mesic areas 
than Symphomyrtus (Florence, 1981). Similarly, Symphomyrtus species have greater 
tolerance for swampy or flood prone areas, and for salinity, and they are less 
susceptible to Phytophthora cinnamomi than Monocalyptus. Monocalyptus tend to 
occur on acidic, low nutrient soils, and respond less than Symphomyrtus species to 
the addition of fertilisers (Florence, 1981, Noble, 1989). 
                                                                                                    Chapter 1. Introduction 
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Study of phylogeny within a species can provide information on historical events 
during the evolution of the species. South western Australia has had a long period of 
stability with a paucity of causes of mass extinction events such as glaciation, 
volcanism of mountain uplifting, probably since the Early Cenozoic period (Taylor, 
1994), as has occurred in the eastern highlands of Australia. The long period of 
stability in south western Australia has led to a high level of endemism in the flora of 
the region. Many other genera in this part of the world, particularly the arid regions 
have evolved great species richness with a high level of endemism, due to the 
necessity of adapting to the harsh conditions, and because of the edaphic and climatic 
barriers to the rest of the continent (Coates, 2000). Species that inhabit the more 
mesic environments, such as E. marginata, show far less speciation. Studies in the 
chloroplast DNA of eastern Australian eucalypts have indicated that widespread 
hybridisation and introgression may have taken place due to the dramatic isolation 
between populations of the same species, and the close proximity of small numbers 
of more than one species in glacial refugia (Freeman et al., 2001; Jackson et al., 
1999; McKinnon et al., 1999; 2001; Steane et al., 1998). It is not known whether a 
similar pattern of chloroplast DNA differentiation is found in Eucalyptus marginata. 
 
The aims of this project included developing a more intimate knowledge of the 
breeding biology of jarrah. Chapters 2 and 3 aimed to improve techniques used for 
pollen in vitro germination and storage, and controlled pollination, with the aim of 
achieving higher seed yields. A study of undisturbed seed yields in clonal genotypes, 
and the variation noted between individuals on the amount of seed produced was 
undertaken (Chapter 4), in order to find more about the reproductive strategies of E.                                                                                                    Chapter 1. Introduction 
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marginata. Chapter 5 examines the reasons for the low level of seed production in 
jarrah. A preliminary study was also undertaken on self-incompatibility levels in 
Eucalyptus marginata at the stages of fertilisation and early development of the 
zygote (Chapter 5). Chapter 6 aims to address the difficulty of long generation times 
for jarrah breeders by trialling the use of a growth retardant and flowering promoter, 
paclobutrazol, in an attempt to promote precocious and regular flowering in jarrah 
clones. The effect of paclobutrazol applied at three different times of the year was 
examined, and also the effect of paclobutrazol with the addition of fertiliser 
(nitrogen, phosphorous and potassium) on four year old E. marginata clones. The 
effect of paclobutrazol and/or fertiliser on seed production was also assessed. A 
study of the nuclear DNA was undertaken (Chapter 7) to examine the genetic 
diversity and levels of differentiation within the species, including testing the genetic 
validity of the morphologically recognised subspecies. A study of the chloroplast 
DNA was undertaken in Chapter 8 in order to elucidate historical events that 
occurred during in the evolution of E. marginata.                                                   Chapter 2. In-vitro Pollen Viability and Pollen Storage 
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Chapter 2. In-vitro Pollen Viability and Pollen Storage in Eucalyptus 
marginata 
 
2.1. Introduction 
 
Jarrah breeding programs aimed at raising the level of resistance to Phythopthora 
cinnamomi, jarrah leaf miner and improving tree form have been largely 
unsuccessful since hand pollinations have yielded very few seeds (Byrne and 
Stukely, unpub.). Therefore this chapter aims to establish protocols for effectively 
testing jarrah pollen viability and germinability, and storage of pollen, techniques 
that are essential for any breeding programs. Work was focussed on the clonal 
populations, which will be used as the breeding stock, but included some wild trees. 
The pollen from the wild trees was sometimes compared to the pollen from the 
clonal trees, and the wild trees were sometimes a source of pollen when the clones 
were not flowering. 
 
There is a large amount of data available on in-vitro eucalypt pollen germination, and 
it appears that eucalypt pollen is fairly similar between species and subgenera 
(Boden, 1958; Griffin et al., 1982; Heslop-Harrison and Heslop-Harrison, 1985; 
Moncur, 1995; Potts and Gore, 2000; Potts and Marsden-Smedley, 1989; Pryor, 
1976; Sedgley and Griffin, 1989; Turner et al., 1994). Most researchers have based 
their in vitro germination media on 20-30% sucrose. Potts and Marsden-Smedley 
(1989) added boric acid, while Heslop-Harrison and Heslop-Harrison (1985) added 
calcium nitrate as well as boric acid. The optimum sucrose concentration appears to                                                  Chapter 2. In-vitro Pollen Viability and Pollen Storage 
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vary between species (Barnabas and Kovacs, 1997; Potts and Gore, 2000). Boron is 
an important trace element for pollen germination (Potts and Gore, 2000; Potts and 
Marsden-Smedley, 1989; Shivanna and Johri, 1985; Stanley, 1973). It has 
implications in the translocation and metabolism of carbohydrates, in the indole-
acetic-acid metabolism, and is required for the efficient operation of membrane 
transport system (Shivanna and Johri, 1985). While little boron is found in pollen 
grains, much higher concentrations are found in stigmatic tissue (Stanley, 1973). In 
vitro pollen germination media were examined in E. marginata and 150ppm boric 
acid with 25% maltose was found to be most appropriate in two clonal genotypes 
(McComb, unpub.). This chapter follows on from the earlier research (McComb, 
unpub.) which began to develop in vitro pollen germination media. 
 
Although eucalypt researchers have traditionally used sucrose mixtures with only 
boron as in vitro pollen germination media, earlier (and some recent) work has 
stressed the importance of Ca
2+ ions for promoting pollen germination (Brewbaker 
and Kwack, 1963; Malho et al., 2000; Reiss and Herth, 1978; Shivanna and Johri, 
1985; and Taylor and Hepler, 1997). The addition of calcium in the germination 
medium has been reported to increase fluorescence in the pollen tube tip (Reiss and 
Herth 1978), increase the length of the pollen tube in in-vitro growth (Malho et al., 
2000) and assist in guiding the pollen tube towards the ovule (Malho et al., 2000). 
Although calcium is important for many species Heslop-Harrison and Heslop-
Harrison (1994) point out that pollen from some species will germinate in water-
saturated air with or without Ca
2+ ions. This chapter tests the effectiveness of the 
addition of Ca
2+  ions to the in vitro pollen germination medium for Eucalyptus                                                  Chapter 2. In-vitro Pollen Viability and Pollen Storage 
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marginata, compared to a sugar/boron medium. Pollen competition has been studied 
in herbaceous plants (Mulcahy et al., 1983), but has apparently been considered 
briefly in eucalypts. This chapter also tests the hypothesis that individual trees differ 
in their pollen viability and vigour.  
 
Storage of eucalyptus pollen has been successfully undertaken at –16 to –20
oC or  
–80
oC for periods up to three years (Boden, 1958 – E. maculata; Griffin et al., 1982 
–  E. regnans; Potts and Marsden-Smedley, 1989 – E. globulus, E. urnigera, E. 
morrisbyi, and E. ovata; and Pryor, 1976). Oddie and McComb (1998) found that 
4
oC was satisfactory for storage of E. camaldulensis pollen for eleven months. Short 
term storage, for up to one month, of eucalyptus pollen is generally found to be 
successful at room temperature or at 4
oC (Griffin et al., 1982), although some 
researchers recommend lower temperatures (Moncur, 1995; Turner et al., 1994). 
Hydration is critical for pollen germination and tube growth, and storage of pollen is 
more effective in a partially dehydrated state (Barnabas and Kovacs, 1997; Shivanna 
and Johri, 1985; and Stanley and Linskens, 1974).  
 
Pollen viability tests were also examined for Eucalyptus marginata, using fluorescein 
diacetate (Heslop-Harrison & Heslop-Harrison, 1970). The fluorochromatic test has 
been successfully used for many taxa, and mostly depends on the integrity of the 
plasmalemma of the vegetative cell of the pollen grain (Heslop-Harrison and Heslop-
Harrison, 1970; Heslop-Harrison et al., 1984). This test has been used on other 
Eucalyptus species but variable levels of fluorescence between grains made the 
fluorochromatic test ineffective (Griffin et al., 1982). The way that the test was                                                  Chapter 2. In-vitro Pollen Viability and Pollen Storage 
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undertaken has been contested (Heslop-Harrison and Heslop-Harrison, 1985), so this 
thesis has assessed the validity of the fluorochromatic test on E. marginata, using 
recommendations outlined by Heslop-Harrison and Heslop-Harrison (1985). The 
fluorochromatic test can be completed within two hours, which is faster than pollen 
germination assays that have to incubate for at least 24 hours. 
 
2.2. Materials and Methods 
 
2.2.1. Trees used and pollen collection 
Eucalyptus marginata trees used were either growing wild or in a plantation of 
clones selected for their resistance to Phythopthora cinnamomi. Six wild trees were 
located either growing undisturbed in the Harry Waring Marsupial Reserve at 
Wattleup (32
o 9’ 47”S, 115
o 49’ 22”E), or as roadside remnants within 18 kilometres 
east or southeast of Murdoch University (32
o  S, 115
o 50’ E) in south-western 
Australia. The four clones used were 5JP119, 12JP72, 133JP38, and 503JP72, 
growing at Murdoch University. The wild trees were selected because they were all 
in full flower at the time the tests were conducted, and the buds were in easy reach 
from the ground. 
 
Pollen was collected in 2000 by picking buds at operculum lift stage, situated at mid 
height on the tree (Oddie and McComb, 1998; Turner et al., 1994), and from 
positions that were partly shaded (observations not included here showed that buds 
that were high on the tree and exposed to the full sun were less fertile). The buds 
were desiccated overnight using silica gel, before sieving the pollen through a                                                  Chapter 2. In-vitro Pollen Viability and Pollen Storage 
17 
200µm steel mesh onto alfoil and placing it into plastic eppendorf tubes. The pollen 
was stored at 4
oC in the vials for up to three days (Moncur, 1995). During the 2001 
season a comparison was made between pollen collected as above, and pollen from 
buds at the operculum lift stage used directly after collection, without desiccating and 
sieving. Sometimes branches of buds were collected and kept with the base of the 
branch in water in the laboratory, and buds were used for several days as they 
matured to the operculum lift stage (Turner et al., 1994). The experiments testing the 
effect of time of day and weather conditions and germination media would have been 
repeated in the flowering season of 2002, but all buds dropped off the trees before 
anthesis, presumably because of the very dry season. 
 
2.2.2. Developing germination media 
Maltose (25%) with 150ppm boric acid was used as a basic germination medium for 
Eucalyptus marginata following from work done previously (McComb, unpub.). The 
addition of 300ppm Ca (NO3)2.4H2O, 200ppm MgSO4.7H2O and 100ppm KNO3 
(Brewbaker and Kwack, 1963) was tested using the clones 5JP119, 12JP72, and 
503JP16, three remnant roadside trees and three wild trees from the mammal reserve.  
 
2.2.3. Pollen germination tests 
Pollen was germinated in-vitro using the Alexander and Ganeshin (1989) wettable 
cellophane technique, with four repeat samples for each test from the same pollen 
pool. Briefly, petri dishes with four layers of filter paper were wet (but not flooded) 
with the germination medium, and the four 1cm cellophane squares were placed 
between the third and fourth layer. Once saturated, the top layer of filter paper was                                                  Chapter 2. In-vitro Pollen Viability and Pollen Storage 
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removed leaving the wet cellophane squares ready for the pollen sample, which was 
placed on the square, using forceps if the sample was in a plastic vial, or by dabbing 
freshly picked anthers on the cellophane. The closed petri dish was then placed in a 
plastic box containing damp paper. Cultures were incubated for 24 hours in 1999 and 
2000, and for 48 hours in 2001, as it was found that extending the incubation period 
gave a higher percentage of germination and allowed the tubes to grow longer, 
making them easier to count. Scoring was conducted by scanning each cellophane 
square completely, and then counting the percentage of germinated pollen grains in 
three representative sections. Each section had approximately 100 grains, from which 
the average percentage germination was calculated. This method was considered to 
allow to some extent for the ‘population effects’ (Shivanna and Johri, 1985), since 
pollen germination was often extremely variable throughout one square. 
 
2.2.4. Testing pollen viability at varying times of day and weather conditions 
Three wild trees from the mammal reserve at Wattleup were tested at various times 
of the day during different weather conditions during the spring of 2001 to test if 
weather affected pollen germination. Pollen was collected and set up to germinate on 
cellophane (as above) without sieving, within fifteen minutes of collection. Two 
germination media were used: the first was 25% maltose with 150ppm boric acid 
(BA medium); and the second was 25% maltose, 150ppm boric acid, 300ppm Ca 
(NO3)2.4H2O, 200ppm MgSO4.7H2O and 100ppm KNO3  (BK medium, after 
Brewbaker and Kwack 1963). A three-way repeated measures ANOVA at the 0.05 
significance level was conducted on the three wild trees at Wattleup (Table 2.1, 
Figure 2.1) to test for differences between the trees, the media and the repeated                                                  Chapter 2. In-vitro Pollen Viability and Pollen Storage 
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pollen germination measurements taken at different times of the day and during 
different weather conditions from the same trees. Bartlett’s test for homogeneity of 
variance tested the ten repeated pollen germination measurements (see Appendix I, 
Table A2.1), and measurements 3, 5, 7, and 10 were removed before conducting the 
ANOVA because they did not have homogeneity of variance. The final measurement 
was at the end of the flowering season for wild tree 1, and pollen germination fell 
rapidly at this time.  
 
2.2.5. Storage test 
A bulked pollen sample was used. In the flowering season of 2000, three clones were 
used: 503JP16, 5JP119 and 133JP38; and in the season of 2001 two roadside trees 
were used with two clones: 12JP72 and 503JP16. All pollen was tested for 
germination ability before being used in the storage test. The pollen was combined, 
sieved through a steel 200µm sieve, thoroughly mixed, and placed into 26 plastic 
airtight eppendorf tubes. Pollen was not dried before placing it in the freezer. One 
sample was used for immediate germination testing (using the above protocol), and 
the remaining 25 vials were placed into 5 larger plastic jars containing dried silica 
gel, which were placed into the following temperature regimes: Room temperature, 
4
oC, -20
oC, -80
oC, and –196
oC. One vial from each storage regime was tested for 
germination after one, four, 13, 26 and 52 weeks. This experiment was first 
completed in the flowering season of 2000 - 2001, using the BA germination 
medium, and repeated in the 2001 – 2002 season using both the BK and the BA 
media. After removing the pollen from storage, in 2001 it was left for at least two 
hours at room temperature, and in 2002 it was left in a humid environment at room                                                  Chapter 2. In-vitro Pollen Viability and Pollen Storage 
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temperature, before being processed for germination, to allow for some hydration of 
the pollen grains. From each vial four pollen samples were withdrawn and counted 
for germination in each of the two media. A three-way ANOVA was conducted on 
the 2001 data at the 0.05 significance level, using a pooled error (Statsoft, 1999). 
This was not a repeated measures ANOVA since the pollen sample was bulked from 
a number of trees.  
 
2.2.6. Viability testing  
Fluorescein diacetate was used for testing viability (Heslop-Harrison and Heslop-
Harrison 1970, Heslop-Harrison et al. 1984), by collecting fresh pollen and placing 
the sample on a slide with a droplet of the BA or BK germination medium containing 
0.1% fluorescein diacetate, prepared from a stock solution of 5% fluorescein 
diacetate in acetone. This was allowed to stand for 30 - 40 minutes before observing 
using fluorescent microscopy. 
 
2.3. Results 
 
2.3.1. Germination media 
A three-way repeated measures ANOVA at the 0.05 significance level, using the first 
five measurements from eight trees (Table 2.1), found a significant interaction 
between the trees, media and repeated measures (d.f. = 28, 192, F = 5.824, p < 0.001, 
see Appendix I Table A2.1). However, Bartlett’s test indicated unequal variances in 
all the repeated measures, except the second (Appendix I, Table A2.2). When the 
two-way ANOVA was conducted using the second measurement, the two main                                                  Chapter 2. In-vitro Pollen Viability and Pollen Storage 
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effects of tree and medium were significant at the 0.05 level (tree - d.f. = 7, 48, F = 
9.648, p < 0.001, medium - d.f. = 1, 48, F = 10.941, p < 0.002, Appendix I, Table 
A2.3). 
 
Table 2.1. Eucalyptus marginata pollen germination percentages using BK and 
BA media. Each test is from four replicates drawn from the same pollen sample 
germinated at the same time. Standard error measurements are in brackets. 
  Mean % Germination (s.e.)       
Tree or Clone   BK medium     BA medium   No. of tests 
5JP119 22.5 (5.42)  20.6 (4.66)  5 
12JP72 18.4 (5.60)  14.4 (3.01)  5 
503JP16 15.7 (3.09)  17.9 (4.18)  5 
Wattle Grove  57.1 (2.55)  36.6 (4.14)  5 
Kelmscott 1  40.4 (4.05)  35.0 (4.40)  5 
Wattleup 1  59.3 (4.44)  53.3 (5.05)  10 
Wattleup 2  10.4 (1.84)  8.7 (2.60)  10 
Wattleup 3  32.1 (1.69)  21.1 (3.63)  10 
 
 
The germination medium that contained Ca
2+ ions (BK medium) gave better pollen 
germination results than the medium that contained only maltose and boron (BA 
medium). More pollen grains germinated, and had longer tubes with the BK medium. 
The method of pollen germination (Alexander and Ganeshin, 1989) gave consistent 
results when the 48 hour period for germination was used.  
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2.3.2. Varying weather conditions and times of day 
Bartlett’s test on the three Wattleup trees found unequal variances in measurements 
3, 5, 7, and 10 (see Appendix I, Table A2.4). A three-way repeated measurements 
ANOVA using the three Wattleup trees with measurements 3, 5, 7, and 10 removed 
and tested at the 0.05 significance level found a significant interaction between the 
trees, media and repeated measures (d.f. = 10, 90, F = 2.71, p < 0.006, see Appendix 
I, Table A2.5), after Greenhouse-Geiser (p < 0.02, see Appendix I, Table A2.6), but 
no significant difference was found between the repeated measures (d.f. = 5, 90, F = 
0.455, p = 0.808, see Appendix I, Table A2.5). The weather conditions and time of 
day caused little variation in the pollen viability compared to the genetic differences 
in the individual trees (Figure 2.1). 
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Figure 2.1. Variation of Pollen viability for three wild individuals of Eucalyptus 
marginata for varying times of day and climatic conditions, using the BK 
germination medium.        Tree 1,      Tree 2,      Tree 3. Vertical bars on columns 
represent standard error of means.                                                  Chapter 2. In-vitro Pollen Viability and Pollen Storage 
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2.3.3. Storage 
Pollen collected in both 2000 and 2001 was stored satisfactorily for a period of one 
year at –20
oC, -80
oC, and –196
oC, with some loss of viability (Figure 2.2). In 
contrast, pollen stored at room temperature for one week had a viability of only 8% 
(in 2001 using BK medium) and pollen stored at 4
oC lost most of its viability after 
one month (0.6% in 2001 using BK medium). A three-way ANOVA conducted at the 
0.05 significance level on the 2001 data (Figure 2.2b and 2.2c) using a pooled error 
(Statsoft, 1999) with the means of pollen viability, and found significant differences 
between the BK and BA germination media (d.f. =1, 20, F = 62.3, p = 0.000), the 
storage time (d.f. = 5, 20, F = 37.2, p = 0.000) and storage temperature (d.f. = 4, 20, 
F = 19.3, p = 0.000). In addition, the interaction of medium and temperature was 
significant (d.f. = 4, 20, F = 5.0, p < 0.006). The ANOVA table is in Appendix I 
(Table A2.7). 
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Figure 2.2. Viability of stored Eucalyptus marginata pollen assessed by 
germination; 
(a). Using BA germination medium (2000 flowering season), 
(b). Using BA germination medium (2001 flowering season), 
(c). Using BK germination medium (2001 flowering season), 
      Room temperature,      4
oC,     -20
oC,      -80
oC,      -196
oC.  Vertical bars on 
columns represent standard error of means. 
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2.3.4. Viability testing methods 
The results of the flourochromatic test were difficult to assess using E. marginata 
pollen. Even within the same flower some pollen grains fluoresced brightly, and 
some did not fluoresce, other grains fluoresced at intermediate levels (Figure 2.3). 
Extending the staining time before scoring, as recommended by Heslop-Harrison and 
Heslop-Harrison (1985) made no noticeable difference. On one occasion, pollen 
grains germinated very quickly in the test solution, and little consistency was noted 
between the level of fluorescence and whether or not the grain was capable of 
germination. When the BK medium was used with fluorescein diacetate, there was 
no fluorescence. Some pollen was observed to be sterile in the freshly picked 
flowers, seen in the in vitro tests, where there was always a portion of the pollen on 
the slide that failed to germinate (see Sections 2.3.1, 2.3.2). This may conform to the 
pollen grains that did not fluoresce using the fluorochromatic test. However, one 
observation with the fluorochromatic test recorded many pollen grains germinating 
rapidly, including those that were not fluorescing. 
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Figure 2.3. Fluorochromatic test of Eucalyptus marginata pollen viability using 
fluorescein diacetate. Scale = 25 µm. 
 
2.4. Discussion 
 
The addition of calcium, magnesium and potassium to pollen germination media, 
induced better pollen germination of Eucalyptus marginata pollen than germination 
media containing a sugar and boron only (Potts and Gore, 2000; Potts and Marsden-
Smedley, 1989), as suggested by the significance of the repeated measures ANOVA 
conducted on the eight trees (Table 2.1). Further investigation is needed to confirm 
this finding. The Ca
2+  ions are mobilised in the presence of magnesium and 
potassium (Brewbaker and Kwack, 1963). Calcium, magnesium and potassium in the 
medium also reduced the population effects as was reported by Shivanna and Johri 
(1985), and generally gave more consistency and greater pollen tube growth. It is 
possible that the BK medium may improve pollen germination in other eucalypts. 
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Optimum conditions for storage of Eucalyptus marginata pollen are very similar to 
other eucalypts studied by Boden (1958), Griffin et al. (1982), Potts and Gore 
(2000), Potts and Marsden-Smedley (1989), and Pryor (1976) except that pollen from 
E. marginata did not remain viable at room temperature for more than one day, and 
not more than one week at 4
oC. Other eucalypt pollen remains viable at room 
temperature or at 4
oC for longer times. E. regnans (Monocalyptus) pollen produced a 
mean of 36 pollen tubes per style after the pollen was stored at room temperature for 
36 days (Griffin et al., 1982). The statistical analysis used a pooled error because 
there was only one repetition of the experiment (trees did not flower in 2002, so the 
experiment could not be repeated), and indicated that there was significant 
differences between the germination media, storage times and storage temperatures, 
and also between the germination media and storage temperatures together. This 
effect can be seen in Figure 2.2b, and 2.2c where the BK media produced better 
pollen germination for the temperatures of -20
oC and -80
oC. While pooling the error 
does not prove beyond doubt that the differences are significant, the low p-values 
indicate that the differences in media, storage time and storage temperature are likely 
to be significant. 
 
Significant differences in germination percentages were greater between genetic 
individuals, than for any other reason (Figure 2.1, Appendix I – Table A2.5). This is 
similar to results from other taxa such as sesame (Pfahler et al., 1997). In fact, short-
term weather conditions during the flowering period had markedly little effect on 
Eucalyptus marginata pollen, which may reflect its adaptation to a harsh flowering 
environment.                                                   Chapter 2. In-vitro Pollen Viability and Pollen Storage 
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Relative humidity testing of the air and the level of hydration of the pollen before 
testing pollen germination is considered to be critical by many researchers (Griffin et 
al., 1982; Moncur, 1995; Sedgley and Griffin, 1985; Shivanna and Johri 1985). Fresh 
pollen of some eucalypts will not germinate until it has been desiccated (Boden, 
1958; Moncur, 1995; Turner et  al., 1994). There was no such problem with 
Eucalyptus marginata,  and high germination rates using fresh pollen were 
consistently recorded. E. marginata flowers during dry, often hot conditions, and the 
pollen must have adaptations for these conditions. Other eucalypts such as E. 
rhodantha, have adapted for similar or more arid conditions (Heslop-Harrison and 
Heslop-Harrison, 1985). Although no testing of relative humidity and pollen 
hydration was undertaken on E. marginata pollen, it was likely to be partly 
desiccated at the time of anthesis (Heslop-Harrison, 1979) and may have a low water 
content due to the dry surrounding environment (Barnabas and Kovacs, 1997). The 
pollen was stored with silica gel, ensuring some desiccation in the stored state. Some 
of the inconsistencies in pollen germination may have been due to the lack of 
humidity control, so the increase in germination percentages in the 2001-2002 stored 
pollen experiment from the 2000-2001 results where pollen was left at room 
temperature with a controlled humidified atmosphere may have been due to 
improved re-hydration. However the differences could also have been seasonal, or 
the results of using different trees in different seasons. 
 
The fluorochromatic test for pollen viability using fluorescein diacetate was 
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Eucalyptus species (Griffin et al., 1982), in spite of following the recommendations 
of Heslop-Harrison and Heslop-Harrison (1985). Pollen must be hydrated for the 
fluorochromatic test, since it tests the integrity of the plasmalemma of the vegetative 
cell, which is not functional in a desiccated state (Heslop-Harrison and Heslop-
Harrison, 1970; Heslop-Harrison et al., 1984). Some of the variation in fluorescence 
(Figure 2.3) may be a result of variable levels of hydration of the pollen grains in 
Eucalyptus marginata, as has been found in other eucalypt species (Heslop-Harrison 
and Heslop-Harrison, 1985). Results from an effective germination medium, even if 
slower to obtain, are a more reliable test of pollen viability. 
 
Some pollen was observed to be sterile in the freshly picked flowers, seen in the in 
vitro tests, where there was always a portion of the pollen on the slide that failed to 
germinate. While there are many possible reasons for this failure to germinate in 
vitro (which is always lower than in vivo pollen germination), these results conform 
to other Monocalyptus  eucalypts, such as Eucalyptus stellulata (Davis, 1969). 
Moncur and Boland (1989) also found in E. melliodora that only the innermost 
anthers produced pollen while the outermost whorls were staminoidal. In E. 
leucoxylon (Symphomyrtus), 57% of trees were found to be male sterile (Ellis and 
Sedgley, 1993), and this was genetically controlled. The extension of time given for 
pollen grains to germinate for the in vitro tests from 24 hours to 48 hours resulted in 
longer tubes that were easier to count, but there were still some pollen grains that 
failed to germinate. Sterile E. marginata pollen grains can also be observed in Plate 
5.1(f). 
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This work demonstrates that Eucalyptus marginata pollen germination can be 
effectively tested before use in controlled pollination work using an appropriate in-
vitro germination medium such as the BK medium. Genotypic variability in pollen 
viability makes it essential for a breeder to test the pollen quality before use. E. 
marginata pollen has characteristics common to many other eucalypt species, but its 
adaptations to a relatively dry environment can be seen in its ability to germinate 
without prior desiccation, unlike pollen from cool temperate eucalypts. Successful 
storage of pollen allows controlled pollinations to be undertaken at any time a tree is 
flowering.                                                 Chapter 3. Pollination Success in Eucalyptus marginata 
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Chapter 3. Pollination success in Eucalyptus marginata (jarrah) 
 
3.1. Introduction  
 
Availability of viable pollen when trees are flowering is essential for controlled 
pollinations to be undertaken. Detailed knowledge of the pollination biology of 
jarrah is essential to design an effective seed orchard, or to conduct controlled 
pollination for genetic improvement of trees. This chapter considers controlled 
pollination techniques for Eucalyptus marginata.  
 
3.1.1. Floral morphology and phenology 
The floral structure of jarrah is similar to other Monocalyptus species, such as 
Eucalyptus stellulata (House, 1997, Plate 3.1a), and E. regnans (Griffin, 1980; 
Griffin and Hand, 1979; Griffin et al., 1987). Flowers per umbel range between one 
and eleven, and trees do not usually flower prolifically every year, but have one good 
flowering season every two or three years. Flower buds are always seen in the 
autumn but can drop off later in the year. For example, in all observed E. marginata 
trees in 2002, nearly all the flower buds dropped off before anthesis, presumably 
because of the very dry spring. A small number of trees that were growing in an 
environment that was protected from wind and had access to water produced some 
flowers. Flowering in adjacent trees tends to be synchronous in E. marginata, as has 
been recorded in E. regnans (Griffin, 1980). However, the time of anthesis may 
change as the trees age. Ashton (1975) found that older trees of E. regnans 
(Monocalyptus) tended to flower later than younger trees at the same site. The time                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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of anthesis differed between the clones and the surrounding wild trees in the seasons 
of 2000 and 2001. The clones at Murdoch University, less than ten kilometres from 
the site of the wild trees, flowered approximately three months earlier than the wild 
trees. 
 
Anthesis occurs in most eucalypt species 3-28 days prior to the stigma of the same 
flower being receptive (Griffin and Hand, 1979; Oddie and McComb, 1998; 
Williams et al., 1999b). The style elongates following anthesis (defined as being 
operculum lift). While individual flowers are protandrous this does not prevent 
pollen from one flower pollinating and fertilising another flower on the same tree, 
and there is evidence that this occurs in most of the species studied (Eldridge et al., 
1993; Moncur and Boland, 1989; Potts and Cauvin, 1988; Pryor, 1951; Pryor, 1976).  
 
3.1.2. Pollination ecology of Eucalyptus 
Pollination vectors for Eucalypts  are mostly insects, and for the larger–flowered 
species, birds, who prefer flowers with more nectar (Eldridge et al., 1993; Pryor, 
1976). Eucalypt flowers do not possess the adaptive characteristics to attract 
specialised pollinators. Honeybees are common visitors to eucalypt flowers, and ants 
are also common, although they are unlikely to be efficient pollinators, except for the 
Tropical Green Tree Ant (House, 1997). The effectiveness of the insect pollinators 
can be related to the weather conditions, since insects are more active on warm days 
(Griffin and Ohmart, 1986; House, 1997). They are unlikely to be effective cross-
pollinators unless there is a scarcity of resources, and they have to travel further. 
Eucalypts are generally highly outcrossing, but most are able to self-pollinate                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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between flowers on the same tree, suggesting that there is another mechanism to 
maintain outcrossing levels. This will be discussed further in Chapter 5. Observations 
on E. stellulata indicate that a tree with profuse flowers attracts many more insects 
than a lightly flowering tree (House, 1997). In Eucalyptus marginata it appears that 
pollination is affected by a range of insect and bird vectors (Yates, 2003). Purple 
crowned lorikeets have been observed feeding on E. marginata flowers (House, 
1997). A range of insect species have been seen to visit E. marginata flowers, such 
as flies, bees, wasps, beetles and moths (Yates, 2003), in common with other 
Monocalypts such as E. regnans (Griffin and Ohmart, 1986). Wind pollination is 
regarded as being unlikely as a major pollinating vector in Eucalyptus. Pollen is 
thought to be dispersed up to approximately 100 metres (Eldridge et al., 1993), and 
in  E. kochii sometimes up to 500 metres (Byrne, pers. comm.), and, given the 
evidence from certain natural hybrids, apparently much further in some species 
(Potts et al., 2003). 
 
Honeybees (Apis mellifera) have been observed to be effective pollinators on several 
species of eucalypts (Horskins and Turner, 1999; Sedgley and Griffin, 1989) and 
better pollination rates in eucalypt orchards can be achieved by placing hives in the 
vicinity to ensure high visitation rates (Sedgley and Griffin, 1989). Moncur et al., 
(1995) found that placing beehives in seed production areas of Acacia  and 
Eucalyptus  orchards improved seed quantity and quality (presumably through 
improved outcrossing rates) with the added bonus of also producing substantial 
amounts of honey. 
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3.1.3. Pollen-Stigma Interaction 
Determination of the factors necessary for successful pollination is vital for any 
breeding program. ‘Pollination’ is defined here as pollen grains germinating on the 
stigma after being successfully transferred from the paternal part of the flower to the 
maternal part (Faegri and van der Pijl, 1979). Stigma receptivity and pollination has 
been observed in many species, and involves chemical reactions as well as physical 
changes in the stigma to allow hydration and germination of compatible pollen. 
During pollination in species with ‘wet’ stigmas (which eucalypts have), pollen 
reacts with the secretions that accumulate above or below the cuticle at the time of 
receptivity (Heslop-Harrison, 1999). For the pollen to germinate after contacting the 
stigma, a connecting meniscus must be formed between the pollen grain and the 
stigma. This will affect the rate of hydration of the pollen (Heslop-Harrison and 
Heslop-Harrison, 1985). Further intercellular secretions also assist (or in the case of 
incompatible pollen, prevent) pollen tube growth down the length of the style. In 
comparison with the size of the pollen grain, the pollen tube has to extend an 
extremely long distance to the ovary in order complete fertilisation, and it is believed 
that it may also gain some assistance from pistil factors in the form of molecular 
interaction to help it attain the length needed to reach the ovary (Cheung et al., 
2000).  
 
Detection of the time of stigma receptivity is essential for successful controlled 
pollination. Stigma receptivity has been studied in several eucalypt species and 
different indicators of stigma receptivity were observed. The style in Eucalyptus                                                Chapter 3. Pollination Success in Eucalyptus marginata 
35 
regnans was observed to lengthen when approaching the receptive period, and the 
surface of the stigma expanded (Griffin and Hand, 1979). Receptivity was 
determined to be between 10 and 14 days after anthesis. Stigma receptivity in three 
species in the Bisectaria Section was marked by stigma secretions, coinciding with 
the greatest number of pollen grains to adhere to the stigma surface (Ellis and 
Sedgley, 1992). In E. woodwardii (Symphomyrtus), no style elongation was observed 
during the receptive period, but stigma secretions were maximised when it was at its 
most receptive, seven days after anthesis (Sedgley and Smith, 1989). Previous work 
on  E. marginata indicated that stigma receptivity was greatest at 7 days after 
pollination, and changes to the stigma at the time of receptivity were not visible to 
the naked eye (McComb, unpub.) 
 
3.1.4. Controlled pollination techniques for Eucalyptus marginata 
Controlled pollination has been used to improve seed yield (Harbard et al., 1999; 
Moncur, 1995), control the level of outcrossing in seed orchards and improve 
breeding through knowledge of both female and male parents, achieve interspecific 
hybridisation, and study self-incompatibility levels in Eucalyptus species. Several 
groups of researchers have studied pollen handling techniques, and effective 
controlled-pollination methods (Cauvin, 1988; Griffin et al., 1982; Harbard et al., 
1999; Oddie and McComb, 1998; Turner et al., 1994; and Williams et al., 1999b). 
 
The method most often used for controlled pollination in eucalypts is set out in 
Moncur (1995), where the bud is emasculated below the operculum with a scalpel or 
other implement to remove the anthers, leaving the style and stigma undamaged. The                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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emasculated group of buds on a branch are then isolated using a bag (made from 
calico, crispy-wrap, polyester, or paper) with a wire coil to prevent damage to the 
emasculated buds. All other buds and flowers on the branch are pruned off to prevent 
pollen contamination, and cotton wool is placed around the branch where the bag is 
tied, to prevent access by ants. Pollen collection is usually from buds at operculum 
lift stage, and the pollen is sieved and placed in a vial, and stored at or below 0
oC. 
Griffin et al. (1982) reported storing pollen from E. regnans satisfactorily at room 
temperature for 36 days, after passing the anthers through a glass tissue grinder with 
distilled water and grinding the anthers to release the pollen. The homogenate was 
then filtered through a nylon cloth (37µm pore size) to remove debris, before 
collecting pollen on a millipore filter (3µm) and drying the pollen on the filter over 
silica gel. Turner et al. (1994) kept branches with buds in water for three to five days 
in the laboratory so that the buds could ripen and pollen could be easily collected for 
processing.  
 
Until recently controlled pollination methods have been time consuming and 
awkward because of the position of the buds at the tops of the trees. At least three 
visits have to be made, the first to collect the pollen, the second to emasculate and 
bag the flowers, and the third to pollinate them when the stigma is receptive 
(Eldridge et al., 1993; Moncur, 1995; Oddie and McComb; 1998, Potts and Gore, 
2000; and Turner et al., 1994). A further visit may be necessary to remove the bags. 
Recently, a one stop pollination method has been developed for large-flowering 
species such as Eucalyptus globulus (Harbard et al., 1999; Williams et al., 1999b), 
where the style is cut at the time of emasculation, pollinated immediately, then the                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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style covered with plastic tubing to prevent further pollen entry. Cauvin (1988) 
questioned whether covering the style was necessary as the cut styles oxidise 
quickly, possibly preventing extraneous pollen from entering. However, the one-stop 
pollination method has not yet worked well on smaller-flowered species such as E. 
nitens  (Williams  et al., 1999b). Low fertilisation rates have occurred in several 
species, and sometimes two controlled pollinations produce more seed. Griffin et al. 
(1987) reported many more fertilised ovules in E. regnans after successive 
pollinations two days apart.  
 
Work on jarrah by McComb (unpub.) indicated that the use of two crispy-wrap bags 
with a wire coil for isolation tended to result in heat damage to the emasculated buds 
in the hot weather experienced in south-western Australia during the jarrah flowering 
season. Controlled pollinations in this species, using five genotypes resulted in a low 
percentage of seed set from flowers pollinated in October to early December (3.2% 
for clones 5J119 and 503J16), and no seed set from flowers pollinated from mid to 
late December. Higher fruit yields (9.3% and 5.1%) were obtained from hand 
pollination of two genotypes by Byrne and Stukely in 1996 (pers. comm). However 
these yields of fruits are not satisfactory in view of the high labour input required for 
hand pollination. The aim of this current work was to improve the controlled 
pollination techniques for use with Eucalyptus marginata.  
 
3.2. Materials and Methods 
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A number of trials were conducted to test various aspects of the pollination process 
using two clones, 5J119 and 503J16, and two wild trees (see 3.2.2. for locations). 
The clones were tested for differences between self- and cross-pollinated flowers in 
the numbers of pollen tubes, in the season of 2000, and in 2001 selfed and cross 
pollinations compared wild trees to clones (Table 3.1). To test whether damage to the 
flowers from the removal of the anthers reduces pollination success, a comparison of 
pollination success using emasculated and non-emasculated flowers was conducted 
(Table 3.1). The non-emasculated flowers were marked at anthesis, along with the 
emasculated flowers.  
 
Time of stigmatic receptivity was tested in emasculated and intact flowers by 
pollinating 2, 3, 4, 5, 6, and 7 days after anthesis. Pollination success variation within 
the flowering season was observed by comparing pollination success at the early, 
middle and late periods over the flowering season. A comparison was made of two 
pollination techniques (see 3.2.5.). A trial was also conducted to determine whether 
multiple pollinations of the same flower were advantageous. In jarrah the flowers 
were pollinated on day four followed by a repeat pollination on day five after 
anthesis. Pollination success was examined for two self- and cross-pollinated wild 
trees. A comparison of wild trees and clones for pollination success was also 
conducted. 
 
3.2.2. Trees used 
Controlled pollinations were undertaken for clones 5J119, 12J72, 503J16, 133J38 
and 11J402 at Murdoch University (32
o 2’ 54”S, 115
o 50’ 46”E) in the flowering                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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seasons of 2000 and 2001 and clones 12J72, 129J55, 133J51, 162A18, and 326J51 at 
Marrinup Orchard (32
o 42’ 5”S, 116
o 3’ 5”E) near Dwellingup, W.A. in the season of 
2000. Several wild trees, chosen for their similar size to the clonal trees used at the 
other two sites, were control-pollinated in the Harry Waring Mammal Reserve (32
o 
9’ 47”S, 115
o 49’ 22”E), at Wattleup, Western Australia.  
 
Table 3.1. Controlled pollination experiments undertaken in 2001 with jarrah 
clones and wild trees. All flowers were emasculated unless otherwise noted. 
Test Clones  used 
(Murdoch) 
No. of Buds pollinated 
from each clone 
Pollen 
technique 
1. Stigmatic receptivity    5J119, 
503J16 
60 (10 harvested each day 
following pollination) 
 
Processed 
2. Early/middle/late 
season 
 
5J119, 
503J16 
20 in each time period  Processed 
3. Capsule vs flower 
pollination 
5J119, 
503J16 
30 flower pollinated,  
30 capsule pollinated 
 
Processed 
and fresh 
4. Single vs double 
pollination 
5J119, 
503J16 
10 double pollinated, 
10 single pollinated 
 
Fresh  
5. Emasculated vs non-
emasculated 
5J119, 
503J16 
20 emasculated, 20 non-
emasculated, 20 open 
pollinated 
 
Processed 
6. Self- vs cross-pollinated  2 wild trees  50 selfed, 50 crossed  Fresh 
7. Wild tree vs clone  2 wild trees, 
5J119, 
503J16 
50 cross pollinated  Fresh 
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Plate 3.1.  
 
(a). Longitudinal mid-section of a Eucalyptus marginata flower at 
anthesis. Ovule walls have been digitally enhanced. St = stigma, s = 
style, f = filament, an = anther, d = disc, h = hypanthium, ov = ovule, 
p = pedicel. Bar = 5mm. 
 
(b). Emasculated flowers of E. marginata that have been isolated with 
foil squares. Bar = 15mm. 
 
(c). Emasculated flowers of E. marginata. Extra flowers have been 
pruned from the branch for the photograph. Bar = 10mm. 
 
(d). Fluorescence image of a squashed Eucalyptus marginata style upper 
section harvested 2 days after controlled pollination and stained with 
analine blue. Pollen tubes (pt) extend for approximately one third to 
half the way down the style. Some pollen grains (pg) have not yet 
germinated. Bar = 100µm.                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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3.2.3. Isolation Methods 
During the spring of 2000, the bagging method for isolation based on Moncur 
(1995), using double crispy-wrap bags with a wire coil to prevent them from 
damaging the emasculated buds, was compared to the foil method. Aluminium foil 
squares were cut approximately 4x4cm and twisted around individual flowers after 
emasculation. Flowers isolated with foil squares did not require bagging. The 
aluminium foil squares were removed for pollination, and then replaced (Plate 3.1b).  
 
3.2.4. Emasculation and Pollination 
All buds to be pollinated were emasculated at the operculum lift stage, by cutting 
around the base of the anthers with a scalpel, then removing all anthers and pollen 
from the bud, taking care to leave the style and stigma undamaged (Plate 3.1c) as 
described by Griffin et al. (1982). Buds were then isolated until the stigma was 
receptive. Buds were selected from areas on the tree that were not exposed to the full 
sun as such flowers rarely set fruit when hand pollinated (McComb, unpub.). Buds 
were pollinated, and then recovered with the foil squares. 
 
3.2.5. Pollen Processing 
Three pollination techniques were compared. In each case pollen from several 
genotypes was used for cross pollination, depending on which trees were flowering 
at the time. Clones and wild trees were used for pollen. All pollen was tested for 
viability using the in vitro germination methods described in Chapter 2, and only 
pollen with viability over 50% was used. The ‘processed’ technique followed the 
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collection of pollen from several genotypes, by brushing the flowers over a 200µm 
sieve. Pollen was then placed in a small bottle with a rubber stopper and stored at 
4
oC or at room temperature. Pollen was applied to the stigma using the rubber 
stopper or a toothpick. Secondly the ‘fresh’ technique involved wiping a freshly 
picked flower with the operculum removed across a receptive style. Each style was 
wiped with several buds from several genotypes. Branches with buds were 
sometimes picked and kept in water for up to five days in the laboratory, and the 
flowers used when they were at operculum lift stage. Thirdly, the ‘one-stop 
pollination’ or ‘cut style’ technique (Cauvin, 1988; Williams et al., 1999b) involved 
cutting the style from the emasculated flower, at the time of emasculation, and 
immediately pollinating it with a thick suspension of pollen grains in in-vitro 
germination medium.  
 
3.2.6. Stigmatic Receptivity and Pollination Success 
Stigmatic receptivity in Eucalyptus marginata was first investigated by McComb, 
(unpub.), using clones 503J16, 5J119, and 11JN379, during November 1998 (503J16 
and 5J119) and February 1999 (11JN379). The work presented here was further 
developed during September, October, and November, 2000, using clones 503J16, 
5J119, 12J72, 162A18, 129J55 and 133J51 growing at Murdoch University and 
Marrinup Nursery, and in September/October, 2001, using clones 503J16 and 5J119. 
Trials were undertaken to detect when stigmas were receptive. Stigma receptivity 
was monitored by determining pollination success over time. Pollination success was 
quantified by assessing the number and sometimes the length of pollen tubes in styles 
observed under microscopic UV light, as outlined in Sedgley and Smith (1989), and                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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Potts and Gore (2000). Styles were collected 24-72 hours following pollination, fixed 
in Farmer’s Fluid (Acetic Acid: Ethanol 1:3) for approximately one hour, then stored 
in 70% ethanol. After rinsing in distilled water the styles were slit along the length, 
then placed in 5% sodium sulphite and autoclaved. When cool the styles were again 
rinsed in distilled water, the epidermis was removed, the style with the stigma placed 
on a microscopic slide in 1% aniline blue, and gently squashed using a cover slip. 
This tissue was observed under a fluorescence microscope for pollen tubes (Plate 
3.1d).  
 
3.2.7. Statistical analysis 
Chi-square tests, Wilcoxon matched pairs tests or log linear analyses tests were used 
at the 0.05 level of significance to test for significant differences (data was not 
normally distributed, discreet numbers were used in data collection, and sample sizes 
were small). All factors were fixed. 
 
3.3 Results 
 
3.3.1. Stigmatic receptivity 
In the season of 2000, pollinating 4-5 days after anthesis gave the most pollen tubes 
in styles (Table 3.2). Best results were seen when pollination was undertaken five 
days after anthesis in September (58% to 85% of flowers with pollen tubes in two 
clones), 4-5 days in October (58% to 81% of flowers with pollen tubes in three 
clones) and 4 days after anthesis in November (50% to 63% of flowers with pollen 
tubes in two clones), but stigma receptivity extended between four and seven days                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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after anthesis. The interval between anthesis and maximum stigma receptivity 
apparently decreased as the weather warmed. In December, 2001 when the wild trees 
at Wattleup were flowering, stigmatic receptivity followed four days after anthesis 
(Table 3.3), where 86% to 100% of flowers were successfully pollinated.  
 
Table 3.2. Stigmatic receptivity in six jarrah clones in September, October, and 
November, 2000 (mean number of pollen tubes per flower). Trees were at 
Murdoch University and Marrinup Nursery. Both the ‘capsule’ and ‘flower’ 
pollinating techniques were used to pollinate buds. n = number of flowers. 
Clone (site)  n  Days after 
anthesis  
Mean no. of pollen tubes per 
style (s. e.) 
September      
503J16 (Murdoch)  4  3  0 (0) 
503J16 (Murdoch)  3  4  3.3 (1.86) 
503J16 (Murdoch)  12  5  8.8 (3.0) 
5J119 (Murdoch)  3  5  4.3 (3.84) 
162A18 (Marrinup)  7  5   13.9 (6.71) 
503J36 (Murdoch)  3  6  0.7 (0.33) 
162A18 (Marrinup)  5  6  27.2 (20.99) 
162A18 (Marrinup)  7  7  16.4 (6.64) 
October      
503J16 (Murdoch)  5  4   12.6 (7.17) 
5J119 (Murdoch)  5  4  21.2 (14.8) 
12J72 (Marrinup)  4  4  7.3 (5.31) 
503J16 (Murdoch)  13  5   18.8 (5.27) 
5J119 (Murdoch)  14  5   19.6 (5.0) 
November      
129J55 (Marrinup)  6  4  3.3 (2.35) 
133J51 8  4  21.5  (7.79) 
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Table 3.3. Percentage of styles containing pollen tubes in two wild trees after 
being controlled pollinated four days after anthesis in December, 2001. Trees 
were growing at Wattleup. The ‘fresh’ pollinating technique was used to pollinate 
buds. n = number of flowers. 
Tree  n  % of styles containing pollen tubes 
Wild tree 1  7  85.7  
Wild tree 2  5  100  
 
 
3.3.2. Emasculation and bud isolation 
Emasculation was successful in most cases, leaving the stigma of the flower 
unharmed. When emasculation was unsuccessful the flower died within four days 
making pollination impossible. It was observed that cutting the anthers above the 
hypanthium increased the rate of flower survival. The method of covering flowers 
with aluminium foil squares was faster to set up than the traditional method of 
isolating the branch with bags and wire coils, other flowers and buds on the same 
branch did not need to be pruned. The foil squares were light, and good insulators 
from the hot sun. The crispy-wrap bags tended to burn flowers later in the season, 
and the wire coils were heavy on the small branches. A Wilcoxon matched pairs test 
at the 0.05 level of significance found that the difference in the number of pollen 
tubes in emasculated or non-emasculated flowers in clone 5J119 was not significant 
(n = 6, T = 2.5, Z = 1.35, p = 1.78, see Appendix I Table A3.1), but the anthers 
present in non-emasculated flowers obstructed the pollination process (Table 3.4). 
The numbers of pollen tubes in clone 503J16 were too low to be meaningful, so the 
results for this clone are not shown in Table 3.4. The difference in the number of 
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techniques according to a Wilcoxon matched pairs test (n = 6, T = 2.0, Z = 1.78, p = 
0.07, see Appendix I, Table A3.1), but there was a trend towards the non-
emasculated flowers having more pollen grains on the stigma. 
 
Table 3.4. Pollination success based on the pollen tubes in a style, and 
ungerminated pollen grains on the tip of a style, in the season of 2001, using 
emasculated and non-emasculated jarrah flowers. Numbers in brackets refer to 
the number of styles observed in each sample. The ‘processed’ technique was used to 
pollinate buds. 
Clone Days  after 
pollination 
Emasculated
 
 
 
Non-emasculated 
 
 
   Pollen tubes 
per style (no. 
of flowers) 
Ungerminated 
pollen grains 
on stigma 
Pollen tubes 
per style (no. 
of flowers) 
Ungerminated 
pollen grains 
on stigma 
5J119  2   0 (8)  6  0 (10)  12 
  3  1 (8)  26  0 (9)  22 
  4  2 (9)  34  0 (9)  35 
  5  0 (9)  23  1 (9)  129 
  6  3 (8)  10  2 (10)  58 
  7  2 (10)  13  1 (10)  74 
Mean 
(s.e.) 
  1.3 (0.49)  18.7 (4.38)  0.7 (0.33)  55 (17.50) 
 
 
3.3.3. Pollen processing 
Almost all pollen is removed by vectors early on the first day of anthesis, so for 
‘fresh’ pollination flowers were picked at the operculum lift stage, and the operculum 
removed prior to pollination. The ‘fresh’ pollinating technique proved to be far more 
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styles were greatly increased by using the ‘fresh’ technique, and some tubes reached 
the lower third of the style (Figure 3.1). No tubes reached the lower third of the style 
using the ‘processed’ technique three days after pollination. A log linear analysis that 
considered technique, clone and position in the style found significant differences 
between the two techniques (Chi-square = 560.61, d.f. = 1, p < 0.001), clone (Chi-
square = 41.43, d.f. = 1, p < 0.001) and position in the style (Chi-square = 501.32, 
d.f. = 2, p < 0.001), without any interaction between the three variables (see 
Appendix I, Table A3.2).  
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Figure 3.1. Comparison of mean numbers of pollen tubes in styles as a result of 
‘processed’ and ‘fresh’ pollination techniques in controlled-pollination of jarrah 
(clone 5J119 and 503J16) flowers (2001 season).     Represents tubes in the top 
third of the style;     represents tubes in the middle third of the style; and           
represents tubes in the bottom third of the style. There were 28 flowers in each 
treatment. Means are shown with standard error.  
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There were also large numbers of pollen grains adhering to the stigma (a mean of 
39.5 pollen grains per style for clone 5J119, and 17.2 pollen grains per style for clone 
503J16), pollinated using the ‘fresh’ technique. This is more than double the number 
seen using the ‘processed’ technique (a mean of 3.7 pollen grains per style for clone 
5J119 and 7.3 pollen grains per style for clone 503J16). No success was obtained 
through the ‘one-stop-pollination’ or ‘cut style’ technique. There was no evidence of 
pollen germination and buds dropped off within two weeks. 
 
3.3.4. Pollination trials. 
A Chi-squared test was used to test for differences between self- and cross-pollinated 
flowers in three clones (503J16, 162A18, and 5J119, Table 3.5). No significant 
difference was observed between self- and cross-pollinated flowers using pollination 
success as the indicator in the season of 2000 (0.05 level of significance, Chi square 
= 2.62, d.f. = 5, p < 0.76, see Appendix I, Table A3.3). 
 
Table 3.5. Comparison of pollination success in self- and cross-pollinated 
flowers of jarrah clones (2000 season). The ‘fresh’ pollination technique was used 
to pollinate buds 4 - 6 days after anthesis. Numbers in brackets refer to numbers of 
flowers used, or standard errors for means (in bold).  
Clone  Selfed (% of styles with 
pollen tubes) 
Crossed (% of styles 
with pollen tubes) 
503J16  56.3 (12)  68.8 (18) 
162A18  80.0 (5)  85.7 (6) 
5J119  80.0 (9)  66.6 (17)  
Mean (s.e.)  68.1 (7.32)  72.5 (13.51) 
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In Table 3.6 where numbers of pollen tubes in styles were used as an indicator of 
pollination success in two wild trees from the mammal reserve at Wattleup in the 
season of 2001, the differences between the positions in the style (Chi-square = 6.40, 
d.f. = 2, p < 0.001,), the trees (Chi-square = 4.22, d.f. = 1, p < 0.001) and between 
selfed and cross-pollinated flowers (Chi-square = 7.26, d.f. = 1, p < 0.001) were all 
found to be significant in a log linear analysis, with no interaction between the 
variables (Appendix I, Table A3.4). 
 
Table 3.6. Pollination success in self- and crossed wild jarrah trees in December 
2001 (numbers of pollen tubes in upper, middle and lower thirds of the style). n 
is the number of styles observed. The ‘fresh’ pollination technique was used to 
pollinate buds 4 days after anthesis. 
Tree  n  Numbers of pollen tubes per style     
   Upper  style    Middle style   Lower  style 
Tree 1 (selfed)  3  3.7  0.7  0 
Tree 2 (selfed)  3  7.3  2.3  2.3 
Mean (s.e.)    7.4 (2.25)  1.5 (0.9)  1.2 (1.15) 
Tree 1 (crossed)  3  8  5.3  1.0 
Tree 2 (crossed)  3  7.5  7.5  7.5 
Mean (s.e.)    7.8 (0.25)  6.4 (0)  4.3 (3.0) 
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Mean numbers of pollen tubes in clones and wild trees are presented in Table 3.7. A 
Chi-square test did not find a significant difference in the numbers of pollen tubes 
between the two clones and two wild trees. The numbers of pollen tubes are 
comparable with all trees included, but more pollen tubes extended further down the 
style in the two wild trees. This may have been because the styles were left longer on 
the wild trees before harvesting and examining using fluorescence microscopy 
 
Table 3.7. Mean number of pollen tubes in outcrossed clones or wild jarrah 
trees (2001 season). Data taken from Tables 3.4, and 3.6. The ‘processed’ 
pollinating technique was used for most of the clones’ buds, and the ’fresh’ 
pollinating technique was used for pollinating the wild trees’ buds. n = number of 
flowers. 
Tree  n  Numbers of pollen tubes     
    Upper style  Middle style  Lower style 
5J119 23  8.25  1.64  0.29 
503J16 25  4.68  0.82  0.29 
Wild Tree 1  3  8  7.5  1.0 
Wild Tree 2  3  7.5  7.5  7.5 
 
 
Double pollination of flowers compared to single pollination showed an increase in 
the numbers of pollen tubes in one clone (503J16), but not the other (5J119, Figure 
3.2). A Chi-square analysis did not find a significant difference between single and 
double pollination success for the two clones (see Appendix I, Table A3.6). No 
mature fruits resulted from the single or double pollinated flowers.                                                 Chapter 3. Pollination Success in Eucalyptus marginata 
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Figure 3.2. Comparison of single and double pollinations on two jarrah clones.                    
     single pollinated flowers;     double pollinated flowers. There were 10 flowers in  
each treatment, means are shown with standard error. The ‘fresh’ pollinating 
technique was used to pollinate buds. 
 
 
No significant differences were found in pollination success between the early, 
middle and late season pollinations (Figure 3.3) when a Chi-square test at the 0.05 
significance level (see Appendix I, Table A3.7). The middle of the season produced 
most of the pollen tubes for both clones, with 5J119 apparently remaining fertile for 
a longer period over the season.                                                 Chapter 3. Pollination Success in Eucalyptus marginata 
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Figure 3.3. Pollination success at three different times over the flowering season 
of 2001 in two jarrah clones at Murdoch University.          clone  5J119,  and        
clone 503J16. There were 20 flowers in each treatment; means are shown with 
standard error. The ‘processed’ pollinating technique was used to pollinate buds. 
 
 
Very few fruits developed to maturity from all the controlled pollinations. While 
pollination was achieved in 2000, no hand-pollinated fruits survived longer than 
three months, with the drop-off occurring at a consistent rate over the three months. 
Low numbers of mature fruits were obtained from the controlled pollinations of 
clones 5J119 and 503J16 in the season of 2001, with an average of 3.2% of 
pollinated flowers developing into mature fruits (Table 3.8). 
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Table 3.8. Fruits resulting from controlled pollinations in jarrah (2001 season). 
Treatment  
(No. of flowers pollinated) 
Clone 5J119  Clone 503J16 
Single pollinated (15)  0   0  
Double pollinated  (15)  0   2  
Open pollinated (20)  4   0 
Emasculated (20)  0  0 
Non-emasculated (20)  0  0 
Early season (20)  0  0 
Middle season (25)  0  2 
End of season (10)  0  0 
Total (125)  4  4 
 
 
No significant differences were noted between self- and cross-pollinated fruits for 
clones 5J119 and 503J16 at six weeks after pollination (Table 3.9), when tested with 
a Chi-squared test at 0.05 significance level (Chi-square = 4.16, d.f. = 7, p < 0.76, see 
Appendix I, Table A3.8). One of the wild trees held more cross-pollinated fruit than 
self-pollinated fruit at six weeks after pollination (Table 3.9). The fruits in Table 3.9 
were not left on the trees, but collected at regular intervals and fixed for sectioning 
(Chapter 5). Wild tree 1 dropped all the hand pollinated fruits within three weeks 
after pollination, wild tree 2 held ten cross pollinated fruits for at least eight weeks 
after pollination, and clones 5J119 and 503J16 had no fruits remaining at seven 
weeks after pollination.                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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Table 3.9. Comparison of numbers of fruits held by two wild trees and two 
clones six weeks after self- and cross-pollination. 50 flowers were pollinated for 
each treatment on each tree, and 21 flowers were harvested by six weeks following 
pollination (see Chapter 5). Wild trees were growing at Wattleup, and clones were 
growing at Murdoch University. The ‘fresh’ pollination technique was used to 
pollinate buds 4 days after anthesis. 
Tree Self-pollinated  flowers Cross-pollinated  flowers 
Wild tree 1  0  0 
Wild tree 2  3  13 
5J119 5  6 
503J16 6  5 
 
 
3.4. Discussion 
 
Successful controlled pollination in Eucalyptus marginata depends on several 
factors. Although pollen grains germinate on the stigma, only a small percentage of 
pollen tubes reached the base of the style. One of the reasons that so few pollen tubes 
reached the base of the style may be that the styles were not left long enough on the 
tree after pollinating. Pound (2002) left the styles from pollinated E. nitens flowers 
on the trees for two weeks before harvesting and squashing. Pollinated styles were 
left for only two days in this work on E. marginata, but ten days probably would 
have been more appropriate. As Faegri and van der Pijl (1979) note, the self-
incompatibility systems in plants may allow pollen tubes to grow for several days in 
the style.                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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The foil isolation technique was considerably more successful than the bagging and 
coil technique, where many flowers and leaves have to be pruned. It is not known 
what effect this disturbance that this pruning has on the tree, but branchlet abortion 
was sometimes observed. The aluminium covers also reduced the heat due to the 
reflective properties and eliminated the heat damage of flowers observed under 
crispy wrap bags. Aluminium foil covers were lighter than the isolation bags that 
sometimes bend the branch from their weight. The foil squares also reduced the time 
required to complete the labour-intensive control-pollination process.  
 
The ‘fresh’ pollen-application technique was shown to be significantly more 
effective for Eucalyptus marginata than the traditional ‘processed’ method (Figure 
3.1), which was first developed by Griffin et al., (1982) and used often since 
(Moncur, 1995; Oddie and McComb; 1998, Sedgley et al., 1989; and Turner et al., 
1994). Fresh eucalypt pollen has not been widely used with cool temperate species 
such as E. regnans, E. grandis, and E. nitens because it will not germinate prior to 
desiccation (Chapter 2). The hot dry flowering season in the jarrah forest may mean 
that the pollen is desiccated at anthesis, allowing it to germinate immediately. The 
improvement seen in pollination success with the flower over the capsule technique 
may be explained by two hypotheses. One is that sieving the pollen may damage it, 
and the other is that the storage overnight of the pollen, either at 4
oC or at room 
temperature, may have reduced its fertility (see Chapter 2). 
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The results for the timing of stigmatic receptivity vary over the three years in which 
this work was undertaken. McComb (unpub.) found that six days after anthesis was 
best for clones 5J119 and 11JN379, and 5-7 days for clone 503J16. In the year 2000, 
pollination 5 – 7 days after anthesis gave good results for two clones (503J16 and 
162A18) in September, 4 - 5 days after anthesis gave good results for clones 5J119, 
503J16, and 12J72 in September and October, and pollination 4 days after anthesis 
gave good results for two clones (129J55 and 133J51) in November. In the year 
2001, 6 days after anthesis was best for clone 5J119, in early September. Large 
numbers of pollen grains were often seen adhering to the stigma, having remained on 
the stigma surface while being processed for examination under UV microscopic 
light (particularly after day 4 following anthesis, see Table 3.4). Often, only a few 
grains germinated, and even fewer reached the base of the style (Figure 3.1, Table 
3.6, 3.7). All three years showed stigmatic receptivity to extend over several days, 
yet seed maturation rates were low. It appears that the reasons for the low seed 
maturation rates may be complex and require further investigation. Chapter 4 
examines the levels of seed production for open pollinated trees, and the rate and 
pattern of bud, flower and fruit abortion. 
 
There were some differences observed between the clones and the wild trees. The 
clonal trees flowered much earlier than the wild trees. The variation in flowering 
periods between the clones and wild trees was curious, and no reasons were found 
during this study for this variation. Clones, derived from wild trees growing within 
60 kilometres from the Marrinup orchard, still flowered much earlier than the wild 
trees, in the years 2000 and 2001, so that there was little, if any, overlap in flowering                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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between the clones and wild trees. In the years 2000 and 2001, the Murdoch clones 
had almost completed flowering in the second half of November, but the wild trees at 
Wattleup (approximately 10 kilometres away) did not begin flowering until 
December. Older jarrah trees tended to flower later than younger trees, as seen in E. 
regnans (Ashton, 1975), but young wild trees were used at Wattleup, so age should 
not be a factor in the difference in flowering times between the clones and the wild 
trees. The differences in climate when the clonal trees and the wild trees were 
flowering made it difficult to draw conclusions regarding the timing of stigmatic 
receptivity in the clones and the wild trees. 
 
Although no significant differences were observed in pollination success at different 
times of the season (Figure 3.3), the graph suggests that there may be greater 
pollination success in the middle of the season, and earlier work done in this field 
(McComb, unpub.) supports this view. This may reflect the fertility of the pollen, 
that showed a similar pattern when tested in-vitro (Chapter 2). Pollen was most 
fertile in the middle of the flowering period of the tree, and less fertile towards the 
beginning and end of the flowering period. Further investigation in this area could be 
useful, using greater numbers of trees and more observations so that the flowering 
season for each tree can be aligned. Casual observation also supported the earlier 
work (McComb, unpub.) that flowers in the full sun were likely to die, even if 
fertilised. Fruits were more often produced in parts of the tree that were in part shade. 
It is hypothesised that the very low numbers of pollen tubes from controlled 
pollinations seen in September for clone 503J16 were because it was too early in the 
flowering season for it to be fertile (Figure 3.3).                                                 Chapter 3. Pollination Success in Eucalyptus marginata 
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There was no evidence for stylar self-incompatibility in jarrah as there was no 
significant difference observed in numbers of pollen tubes in styles between self- and 
cross-pollinated flowers. This conforms to findings in other eucalypts (Ellis and 
Sedgley, 1992; Griffin et al., 1987; and Sedgley et al., 1989), except for E. 
woodwardii (Sedgley and Smith, 1989), which showed a reduction in the number of 
selfed pollen tubes. The fact that one wild tree in this study held more cross-
pollinated fruit than self-pollinated fruit suggests that it was more female fertile than 
the other trees tested (see Chapter 5). Numbers of pollen tubes observed in styles 
were generally low (Figure 3.3) when compared to other eucalypts such as E. 
globulus (270 pollen tubes per style, Pound et al, 2002,), E. nitens (48 pollen tubes 
per style, Pound et al., 2003), E. woodwardii (490 pollen tubes per style, Sedgley and 
Smith, 1989), and E. regnans (160 pollen tubes per style, Sedgley et al., 1989), 
particularly with regard to the numbers of pollen tubes that reached the base of the 
style (Table 3.5). However, the number of pollen tubes in styles was increased with 
the introduction of the ‘fresh’ pollinating technique. Observed pollen tube numbers 
may also be increased by leaving the pollinated styles on the trees for a longer period 
of time. 
 
The low fruit maturation rate in the control-pollinations (averaged at 3.2%) was 
surprising, and contrasts with other eucalypts where higher fertilisation rates have 
been achieved through controlled pollinations (Oddie and McComb, 1998; Pound et 
al., 2002, 2003). The percentage of natural fruit set for clone 503J16 was less than 
the percentage of mature fruits produced through controlled pollinations (1.5% for                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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natural fruit set, see Chapter 4, and 3.2% for control pollinated fruit). Fruit produced 
from the controlled pollinations was less than seen by Byrne and Stukely in 1996 
(pers. comm.). They applied pollen with the ‘processed’ method and isolated flowers 
with bags and wire coils, methods that are considered here to be inferior to the 
‘fresh’ pollen-application technique and foil isolation technique. They also double 
pollinated firstly on day three after anthesis and again on day six to day nine after 
anthesis and it is possible that this may have increased the fertilisation rate. If 
stigmatic receptivity extends over several days, as is suggested by the work presented 
here, double pollinating is unlikely to make a significant difference to the seed 
maturation rate. It is considered most likely that the differences seen within the 
experiments undertaken here, and between these pollinations and those undertaken 
by Byrne and Stukely, who achieved fruiting rates of 9.3% for clone 2J355, and 
5.1% for clone 11J50, represent female fertility differences between genotypes (see 
Chapter 4). Care must be taken in drawing conclusions when only one or two 
genotypes are used for research on a species that may contain thousands or even 
millions of genotypes in its natural distribution. The choice of clones or wild trees 
that have above average female fertility for use in controlled pollination studies 
would confirm whether the low fertilisation rates seen here were due to technique or 
to genotype. 
 
There are three possible reasons for the low seed maturation rate seen in Eucalyptus 
marginata clones. The pollination (defined as pollen tubes reaching the base of the 
style) rate may be low. This requires further investigation leaving the pollinated 
styles on the tree for longer before harvesting. The fertilisation rate may be low, or                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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the zygote abortion rate may be high. Most of the trees used for the controlled 
pollination work were clonal genotypes that may have different rates of pollination, 
fertilisation and zygote abortion to the wild trees. This is further investigated in 
Chapter 5. 
 
Future work could include more detailed stigma examination to determine 
characteristics and duration of receptivity, as has been undertaken with other species 
(Ellis and Sedgley, 1992; Sedgley and Smith, 1989). It is possible that the work 
presented here was not sufficient to establish the time frame and changes that occur 
in the stigma when it becomes receptive. No style elongation was observed in 
Eucalyptus marginata as was observed in E. regnans (Griffin and Hand, 1979), 
possibly because the time period after anthesis when the style was observed was too 
short. Small numbers of pollen tubes were mostly seen in styles, but occasionally 
larger numbers of pollen tubes could be observed (up to 26 pollen tubes in a style). A 
greater sample size, including some more wild trees if possible, would improve 
understanding of the species rather than a few individuals. Examination of pollinated 
and unpollinated pistils using scanning electron microscopy at three to seven days 
following anthesis would help to ascertain the changes associated with receptivity, 
and the duration of receptivity. Eucalyptus species are considered to have a ‘wet’ 
stigma (Heslop-Harrison, 1999), so changes in the stigma surface should be visible 
under electron microscopy. More work into in-vivo pollen tube growth could include 
more pollinations within a shorter time period to ascertain when maximum 
receptivity occurs. This would involve pollinating flowers at several times during the 
day, and testing pollination success with numbers of pollen tubes that reach the base                                                Chapter 3. Pollination Success in Eucalyptus marginata 
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of the style. Testing for enzymatic activity may also improve determination of 
stigmatic receptivity (Dafni and Maues, 1998). Variation in undisturbed capsule/bud 
ratios in clones and wild trees, and variation in seed set in clones was observed and 
studied in Chapter 4. 
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Chapter 4. Variation in numbers of fertile seeds between genotypes, 
and natural bud, flower and fruit drop in Eucalyptus marginata 
trees. 
 
4.1. Introduction 
 
Reproductive success is of paramount importance to the long term survival of any 
plant species. It can be defined simply as the number of eggs surviving to reproduce 
successfully (Wiens et al., 1987). Seed/ovule ratios of other Monocalyptus such as 
Eucalyptus regnans are low (Griffin et al., 1987), along with E. marginata, yet the 
species are widespread. Perhaps seed/ovule ratios in such species are subject to 
variation due to genetic, environmental or other factors. If this is the case, finding the 
reasons for such variation would be beneficial to breeders of these species. Several 
Australian plant groups are self-compatible, but are preferential outbreeders due to 
post-zygotic abortion systems (James, 1996). In Eucalyptus an added factor may be 
competition between ovules in fruits, since fruits often contain partially developed 
seeds, as well as ovulodes (which do not contain an embryo sac) and unfertilized 
ovules (James, 1996). When considering breeding eucalypts for regeneration and 
improved performance traits, it is relevant to select individuals that have high 
reproductive success. 
 
Variation in seed numbers in Eucalyptus may be caused by a number of factors, such 
as genotypic differences, inbreeding effects, or environmental factors such as 
nutrient and water availability. Williams (1999) reported on an extensive study of                                                   Chapter 4. Variation in Fruit Fertility in E. marginata 
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capsule and seed numbers in E. nitens. The number of seeds per capsule increased as 
the number of flowers per umbel increased. Seed weight was affected by altitude but 
not by water availability. Larger seeds resulted in faster early seedling growth rates 
than did small seeds. The maternal tree genotype was the biggest factor affecting 
seed number per capsule and seed weight. Water stress, and the timing of this stress 
was also found to affect capsule number. Other possible factors affecting the number 
of seeds per capsule include pollinating vectors (House, 1997) and the addition of 
fertilizers (Williams, 1999). E. regnans (Monocalyptus) showed a difference in mean 
capsule set and seed numbers between genotypes, even though ovule numbers per 
locule were similar throughout (Griffin et al., 1987). The seed/ovule ratio was 9% 
which is low in comparison to some northern hemisphere woody perennials. It was 
even lower following selfing. Embryo genotype and maternal resource allocation 
were thought to be the main drivers of the control mechanisms for preferential 
outcrossing in E. regnans (Griffin et al., 1987). 
 
This chapter examines the hypothesis that there is variation between individuals in 
the amount of viable seed that can be produced, and the possibility that the variation 
may be genetically controlled, as well as being influenced by environmental factors. 
The relationship between flowers at anthesis and mature capsules was also assessed 
from the numbers of buds, flowers and immature capsules that undisturbed jarrah 
clones and wild trees drop. 
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Table 4.1. E. marginata fruit collection locations. 
Location 
(year of collection) 
Lat/Long  Annual Rainfall in 
12 mths preceding 
collection (mm) 
Distance from 
nearest neighbour  
(m) 
No. fruits 
collected 
(a) Dwellingup (2000)  32
o 41’ 17”S, 116
o 3’ 5”E  1300  Variable  20 
(b) Murdoch University (2000, 2001)  32
o 2’ 54”S, 115
o 50’ 46”E  827, 758  4   20 
(c) Marrinup Nursery (2000, 2001)  32
o 42’ 5”S, 116
o 3’ 5”E  1300, 1175  5   20 
(d) Del Park South (2000)  32
o 44’ 31”S, 116
o 4’ 37”E  1154  4   20 
(e) Freeman Road (2000)  32
o 42’ 35”S, 116
o 3’ 5”E  1177  4   20 
(f) Pinjarra (2002)  32
o 36’ 46”S, 115
o 51’ 53”E  625  3   50 
(g) Wattleup (2001)  32
o 9’ 47”S, 115
o 49’ 22”E  758 
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4.2. Materials and Methods 
 
4.2.1. Trees used 
Capsules were collected from trees growing in locations (a) to (f) (detailed in Table 
4.1.) as follows: – 
(a) Twelve wild trees of Eucalyptus marginata (three saplings, five of intermediate 
age, and four mature trees) growing at Dwellingup, collected in the season of 2000, 
used in Table 4.5.  
(b) Five, ten-year old genotypes (12J72, 13 J416, 133J38, 133J50, and 503J16 - first 
number in clone identifications indicates maternal parent, letter indicates source site, 
final numbers indicate seedling number) growing on campus at Murdoch University, 
in coastal sandy soil, and without additional watering or fertilizer, collected in the 
season of 2000. Data collected from these trees were used in Table 4.3. 
(c) 27 genotypes (some with more than one ramet), approximately eight years old 
growing at the Alcoa World Alumina Marrinup Nursery at Dwellingup, collected in 
the seasons of 2000 and 2001. Two or three ramets of a genotype were often planted 
adjacent to each other in this orchard. Fruits were selected from midway up the tree 
and fruits exposed to the full sun were avoided. These trees are growing in a damp 
area on serpentine soil, and were fertilised once at the time of planting in 1994/95, 
and again in 2000. Some of these clones were used in Figures 4.1 and 4.2, and Tables 
4.3, 4.4 and 4.6. 
(d) and (e) Two plots of clones planted in Dwellingup by the Department of 
Conservation and Land Management in 1988 (Del Park South) and 1990 (Freeman 
Road). Fruits were examined from between nine to twelve ramets of four clones                                                    Chapter 4. Variation in Fruit Fertility in E. marginata 
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(1J30, 1J65, 12J35, 12J72) in the season of 2000. Other clones were present and may 
have acted as pollen parents. Trees on the plot at Freeman Road have more light due 
to a greater number of deaths soon after the clones were planted, and the site is drier 
than Del Park South, which is more protected and wetter. The clones at Del Park 
South are taller and tend to produce less flowers and fruit. Data from these trees was 
used in Figure 4.1 and Table 4.3. 
(f) Five genotypes (1J30, 29B48, 52C25, 57C72, 91J29) planted at the Alcoa seed 
orchard at Pinjarra in 1998 as two year old clones, growing on irrigated, sandy soil, 
collected in the season of 2002. The orchard contains 50 repeats of 35 clones, planted 
randomly in each block to prevent ‘self’-pollination between genotypically identical 
clones. Capsules were collected from five ramets of each clone from the same five 
blocks as for the control trees in Chapter 6. Data from these clones were used in 
Figures 4.3 and 4.4 and Table 4.3. 
(g) Five genotypes as for (b) growing at Murdoch University and five wild trees 
growing approximately ten kilometres away, at Wattleup, for collection of bud, 
flower and immature capsule drop in the season of 2001. The wild trees were chosen 
as having similar size to the clonal trees. Data collected from these trees were used in 
Figure 4.5 and Table 4.7. 
 
4.2.2. Capsule drying and seed counts.  
For (a), (b), and (c, 2000) fruits were dried in the laboratory on silica gel to 
encourage the valves to open, and the seeds counted under a stereo microscope (Plate 
4.1a). For (c, 2001), (d) and (e) the fruits were dried outside in the full sun during 
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of total viable seeds (Griffin and Hand, 1979). Some embryos were completely eaten 
and were excluded from the count. For (f) fruits were dried in the sun during 
September 2002, and fruits eaten by insects were not included. Standard errors were 
calculated for viable seed numbers per capsule, for each tree. 
 
4.2.3. Calculation of Seeds/Tree 
The number of seeds per tree for the Pinjarra clones (site f) was calculated by 
visually dividing the tree into several sections, according to branches or clusters of 
fruit. The fruits on one of the sections was counted, and then multiplied by the 
number of sections previously decided. The fifty fruits were collected and the viable 
seeds counted, with a mean of seeds per fruit calculated (with standard error), which 
was then multiplied by the number of fruits on the tree. 
 
4.2.4. Viability Testing. 
To determine whether or not the seed was viable, and whether seed germination was 
an accurate indicator of seed viability, the seed coat was removed and the embryos 
were soaked in tetrazolium chloride and indigo carmine (Hendry and Grime, 1993; 
Moore, 1973; Peterson, 1987) in the season of 2000. Tetrazolium stains live tissue 
red or pink and indigo carmine stains dead tissue blue. Whole embryos were placed 
in the tetrazolium for four hours and then rinsed and placed in the indigo carmine for 
two hours. This was completed for the seed collected from wild trees, and clones 
from Murdoch University and Marrinup Nursery (sites a, b, and c). Seeds from 
clones collected from the two CALM sites and from the Alcoa orchard at Pinjarra 
(sites d, e, and f) were tested by nicking the seed coat before imbibing them for 24                                                    Chapter 4. Variation in Fruit Fertility in E. marginata 
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hours, and examining the testa structure and embryo opacity under a stereo 
microscope (Griffin et al., 1987).  
 
4.2.5. Insect predators 
Observations of predator activity such as insect larvae on the fruits and seeds were 
noted, and insects collected for identification.  
 
4.2.6. Natural bud flower and fruit drop 
In the season of 2001, from August until April, 2002 bud drop on five wild trees and 
five genotypes of clonal trees was recorded by setting up stretchers under the trees 
(Plate 4.1b) and counting the number of buds and flowers on the stretchers every 
fortnight. Wild trees were chosen for being roughly the same size (and hopefully 
age) as the clonal trees, which were chosen for being roughly the same size, and 
growing at the same site. These observations were compared to the numbers of 
control-pollinated flowers that dropped. 
 
4.2.7. Statistical analysis 
Where data was non-parametric Chi-squared tests were used to test for significant 
differences. All factors were fixed. For data that had a normal distribution significant 
differences were tested for using a paired t-test, or an analysis of variance (ANOVA) 
with Bartlett’s test for homogeneity of variance. 
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Plate 4.1 
 
(a). Contents of a Eucalyptus marginata capsule, showing mature seeds 
(ms) and ovulodes (o). Bar = 2mm. 
 
(b). Stretcher under Eucalyptus marginata wild tree for catching 
dropped buds, flowers and immature capsules. Bar = 250mm.                                                   Chapter 4. Variation in Fruit Fertility in E. marginata 
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4.3. Results 
 
4.3.1. Viability tests (season of 2000) 
In common with other eucalypts capsules contained some mature seeds and ovulodes 
that had either a light or dark seed coat (Plate 4.1a). Embryos could clearly be seen if 
present when the seed coat was removed or nicked, then tested for viability. The 
tetrazolium chloride/indigo-carmine testing overall gave clear results. Occasionally a 
seed gave an inconsistent result and showed both pink or red from the tetrazolium 
chloride and blue sections from the indigo-carmine. This may be the result of the 
presence of a pathogen. The seeds which imbibed successfully were viable using 
these stains, so in later tests the success of imbibition was used as a measure of 
viability. 
 
Seeds from capsules of clones at Murdoch University (b) had an average viability of 
83.6% (S.E., 5.4) and those at Marrinup Nursery (c) an average of 93.6% (S.E., 2.6). 
Mostly the viability was 100% after damaged seed was removed, with only a few 
clones showing low or inconsistent viability. Clones at the two CALM Dwellingup 
plots showed a lower viability averaging 73.9% (S.E., 3.49) at Freeman Rd (e) and 
72.3% (S.E., 2.41) at Del Park South (d). Viability of seeds from the wild trees (a) 
was not used because the seed had been stored at 4
oC for several weeks, which killed 
most of the embryos.  
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4.3.2. Insect Predators.  
Several species of insects were observed in the capsules and seeds and some were 
collected. These were identified to genus or family level by Melinda Moir and Brian 
Heterick (Curtin University, Table 4.2). 
 
Table 4.2. Insects present in jarrah fruits and seeds. 
Family Genus  Feeding  habits
1 
Anobiidae  Dryophilodes  Adult feeds on woody fruits
 
Curculionidae, 
Cryptorrhynchinae 
 
Decilaus  Larvae feed internally on plant 
tissue
 
Torymidae  Megastigmus (?)  Larvae reared in stem, leaf and 
flower galls 
 
Eupelminae    Parasitic larvae reared on eggs 
of Heteroptera and Lepidoptera 
on eucalypt fruits 
1. CSIRO (1991) 
 
Table 4.3. Mean percentage viability of seed/fruit and mean percentage 
predation from jarrah clones. 
Location  % Viable (s.e.)  % Predated 
Marrinup (2000)  93.6 (2.64)  11.3 
Marrinup (2001)  47.3 (8.50)  Not included 
Murdoch (2000)  83.6 (5.43)  4.0 
Freeman Road (2000)  73.9 (4.06)  0.3 
Del Park South (2000)  72.3 (2.41)  5.2 
Pinjarra (2002)  78.1 (1.52)  Not included 
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Large numbers of the larvae of a weevil of the Curculionidae family were observed 
in capsules and inside the testa. Predation of seeds accounted for the deaths of 
approximately 10% of embryos, but this figure varied between sites (Table 4.3). The 
weevil larvae also appeared to prefer certain genotypes (Table 4.4).  
 
Table 4.4. Percentage of seeds affected by weevil larvae in Marrinup Clones of 
Eucalyptus marginata. First number in clone identifications indicates maternal 
parent, letter indicates source site, and final numbers indicate seedling number. 
Clone (number of ramets)  % of seed affected by weevil larvae (s.e.) 
1J30 (1)  5 
1J65 (2)  0 (0) 
12J72 (2)  17.5 (12.5) 
19E53 (3)  21.7 (4.41) 
25B40 (3)  8.3 (8.33) 
28B63 (1)  50 
91J18 (3)  3.3 (3.33) 
121J293 (2)  0 (0) 
129J55 (2)  10 (0) 
133J30 (1)  5 
161A12 (1)  20 
162A18 (3)  13.3 (4.41) 
163J34 (1)  15 
163J45 (1)  5 
328E2 (2)  2.5 (2.5) 
363J57 (2)  57.5 (12.5) 
514E4 (2)  10 (0) 
514E55 (2)  2.5 (2.5) 
 
For instance, at Marrinup Nursery (b), two ramets of clone 363J57 had 70% and 45% 
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affected by larvae. There is also the possibility of the effect of position (ramets of the 
same clone were planted in the same row), but it is then difficult to explain why 
some rows were affected and not others. Most of the clones recorded at Freeman Rd 
(e) and Del Park South (d) were ones that had low predation of seed at Marrinup 
(clones 1J30, 1J65, 12J72, Table 4.4) Other predators may have been responsible for 
some embryo deaths, but only small numbers were observed of the remainder of 
species in Table 4.2. 
 
4.3.3. Fruit Fertility 
Variation in viable seed numbers was caused by difference in site, and difference in 
genotype. Variation was observed between ramets of the same clone across all the 
sites (Figure 4.1).  
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Figure 4.1. Environmental effects on individual fruit fertility in jarrah clones. 
Numbers on the columns represent the number of ramets use for each genotype.                                                   Chapter 4. Variation in Fruit Fertility in E. marginata 
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Marrinup had greater viable seed numbers than all the other sites, possibly due to the 
application of fertiliser and the greater availability of water. Clone 133J30 had a seed 
viability of 2.8 seeds/fruit at Marrinup and 1.1 seeds/fruit at Murdoch. Difference in 
genotype also accounted for divergence in viable seed numbers. The mean number of 
seeds per fruit in the wild trees (a) ranged from 0.85 to 2.40 (Table 4.5), with the 
highest numbers being recorded from trees of intermediate age.  
 
Table 4.5. Variation in seed production by wild jarrah trees. Fruit collected in 
2000. Estimated seed viability was 93.6%. Seeds were counted in 20 fruits/tree. 
Tree  Mean no. of  viable seeds/fruit (
  S.E.) 
Young tree 1  0.8 (0.10) 
Young tree 2  0.8 (0.09) 
Young tree 3  1.0 (0.06) 
Intermediate 1  1.3 (0.16) 
Intermediate 2  1.8 (0.21) 
Intermediate 3  1.8 (0.21) 
Intermediate 4  2.4 (0.20) 
Intermediate 5  2.4 (0.18) 
Mature 1 *  1.1 (0.09) 
Mature 2  1.6 (0.14) 
Mature 3  1.7 (0.15) 
Mature 4 *  1.8 (0.13) 
* fruits from previous season 
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Mature trees flower and develop mature fruit a little later than young trees. For two 
of the mature trees, seed from the previous year was counted; it appeared that they 
had been subject to little deterioration, as the figures obtained were very similar to 
those for the trees from which the current year’s fruit was used. 
 
Two clones were growing at the Marrinup, Del Park South and Freeman Road sites 
(1J30 and 1J65). Significant differences in seed numbers between Freeman Road and 
Del Park South were recorded for clone 1J65 when tested with a paired t-test (p < 
0.01). Clone 12J72 was growing at the Marrinup, and Del Park South sites and 
showed almost double the seed numbers at Marrinup, than at Del Park South, but 
sample sizes were too low at Marrinup to make statistical testing meaningful.  
 
Data for viable seed numbers from clones 1J65 and 1J30 were combined for Freeman 
Road and Del Park South sites. A paired t-test between sites was found to be 
significant at the 0.05 level (Mean F.R. = 1.6, mean D.P.S. = 1.4, t = 1.7, d.f. = 19, p 
< 0.02, see Appendix I, Table A4.1.). A direct comparison with the Marrinup site 
was not undertaken due to the low sample sizes. Seed viability numbers varied 
between sites, Del Park South and Freeman Road were at the lower end of the range 
compared with the Marrinup population, even though they were all geographically 
very close, but only the Marrinup site had increased water and nutrient availability. 
Ramets of the same clone are in rows at the Marrinup site, allowing more selfing to 
occur than in a wild population, and may lower seed set.  
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While it appears that there was an increase in seed set for ramets that have 
neighbours of a different genotype on both sides compared to those neighboured by 
plants of the same genotype (flowering concurrently, Figure 4.2), the difference 
failed to reach significance (Chi-squared test
1 at the 0.05 significance level; Chi 
square = 0.42, d.f. = 11, p < 1.0, see Appendix I, Table A4.2). A larger sample size is 
required to investigate further. 
1. The distribution of the data was not normal. 
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Figure 4.2. The effect on seed number of the genotype of neighbouring trees in a 
row at Marrinup Nursery. Mean number of viable seeds per capsule is shown and 
data from six clones are averaged. 
 
Seed numbers per capsule from the Pinjarra orchard showed differences between 
clones (Figure 4.3, 4.4). Figure 4.3 shows clear differences between genotypes in 
relation to the amount of viable seed produced per tree. A one way ANOVA
1 found 
that the difference between clones at the 0.05 level of significance was significant 
(d.f. = 4, 222, F = 113.0880, p < 0.001, see Appendix I, Table A4.3). However, some                                                   Chapter 4. Variation in Fruit Fertility in E. marginata 
79 
trees produced no seed, either the fruits were empty, or the tree did not produce fruits 
(Figure 4.4). Where trees produced less than 50 fruits, standard error was calculated 
on the actual number of capsules. Only clone52C25 produced capsules from every 
tree. 
 
1
10
100
1000
10000
1J30      29B48      52C25      57C72     91J29
V
i
a
b
l
e
 
s
e
e
d
 
n
o
s
.
/
t
r
e
e
Clone
 
Figure 4.3. Estimated mean viable seed numbers/tree for Pinjarra clones (2002). 
Vertical bars indicate standard error. 
 
Differences were observed in the two years that seeds were counted at Marrinup. 
Many trees produced capsules and seeds in 2000, but had no capsules in 2001 (Table 
4.6), and while 47 trees produced capsules in the season of 2000, only 8 trees 
produced capsules in the season of 2001. There was also lower viability in the season 
of 2001, even though the trees were carrying less seed (capsules/tree data not 
shown). A Chi-square test using frequencies of viable and inviable seeds 
(distribution of data was not normal) found that there was no significant difference at 
the 0.05 level in the amount of seed produced per capsule over the two seasons (Chi 
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square = 1.8, d.f. = 7, p < 0.971, see Appendix I, Table A4.4). A second Chi-square 
test conducted at the 0.05 significance level found that there was a significant 
difference in seed viability percentages over the two seasons (Chi square = 19.6, d.f. 
= 7, p < 0.007, see Appendix I, Table A4.5). 
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Figure 4.4. Number of viable seeds per capsule for Pinjarra clones. No. of 
capsules = 50. Clone 57C72 produced no capsules, one ramet of clone 1J30 produced 
capsules, two ramets of clone 29B40 produced capsules, but only one ramet 
produced seed, and three ramets of clone 91J29 produced capsules but only two 
ramets produced seed. Each bar represents a single ramet from a clone. 
 
Table 4.6. Differences in viable seed production at Marrinup in the seasons of 
2000 and 2001. 20 capsules were assessed from each clone. 
Clone Viable  seeds 
/capsule –2000 
(s.e.) 
% viability  Viable seeds 
/capsule –2001 
(s.e.)  
% viability 
121J293 1.0  (0.15)  83.4  4.3  (0.25)  24.3 
405J295 1.3  (0.2)  92.3  1.9  (0.12)  46.4 
163J34 2.7  (0.23)  84.6  2.1  (0.12)  64.9 
1J65 2.5  (0.11)  100  2.3  (0.22)  86.7 
Mean (s.e.)  1.9 (.43)  90.1 (3.85)  2.7 (.56)  55.6 (13.29) 
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4.3.4. Bud, flower and fruit drops 
A significant interaction between the log10 of the fruit drop of wild trees and clones 
was indicated by a two way repeated measures ANOVA
1 at the 0.05 level of 
significance (d.f. = 13, 65, F =3.97, p < 0.001, see Appendix I, Table A4.6), but 
standard errors are high. Bartlett’s test for homogeneity of variance found that the 
data had equality of variance (Appendix I, Table A4.7). While clones tended to drop 
most flowers approximately one month following anthesis, wild trees showed a more 
consistent loss before and after anthesis (Figure 4.5.). Clones also dropped up to six 
times more buds, flowers and fruits than the wild trees. 
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Figure 4.5. Comparison of clones     and wild     jarrah trees for natural bud, 
flower and fruit loss. Solid points indicate anthesis, error bars represent standard 
error. Data from five wild trees and five clones (12J72, 13J416, 133J38, 133J50, and 
503J16) were included. 
 
1. The first two measurements from the clones were omitted due to the lack of data from the 
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Table 4.7. Comparison of percentage of counted open pollinated buds that 
produced mature capsules in jarrah clones and wild trees (2001 season). Viable 
seed numbers were not considered. 
Tree  % flowers retained as fruits 
Wild tree 2  15.4 
Wild tree 3  18.1 
Wild tree 4  3.5 
Wild tree 5  0 
Average  9.3 (s.e. =4.42) 
Clone 12J72  0 
Clone 133J38  10.0 
Clone 503J16  1.5 
Clone 133J50  2.4 
Clone 13J416  13.4 
Average  5.5 (s.e. =2.63) 
 
 
A one-way ANOVA did not find a significant difference between the percentage of 
buds that develop into mature fruits in wild trees and clones (see Appendix I, Table 
A4.8). The percentage of flowers that resulted in mature capsules ranged from zero 
to 18.1% (Table 4.7). Wild tree 1 was omitted from Table 4.7 because the tag was 
lost marking the branch where buds were counted before anthesis, but was included 
in the Chi-squared test as the average of the four remaining wild trees. The 
percentage of open pollinated flowers that produced mature capsules was low, but                                                   Chapter 4. Variation in Fruit Fertility in E. marginata 
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the mean was higher than in the control-pollinated flowers (Chapter 3), except for 
clone 503J16 (3.2% in control pollinated fruits compared to 1.5% in naturally 
pollinated flowers, [Table 4.7])  
 
4.4. Discussion 
The results suggest that variation in seed numbers was controlled in part by genetic, 
and in part by environmental factors. The clones in the Pinjarra orchard, which 
provided a relatively uniform environment over the site, showed clear differences 
between genotypes in the amount of viable seed produced but there was also some 
variation within clones (Figure 4.3). On the other hand, the effect of the environment 
was also clear in the different seed numbers produced by the same clones at the 
Marrinup Nursery Del Park South and Freeman Road sites (Figure 4.1). Variation 
between seasons can obviously also play a large part in numbers of seed produced 
and in seed viability levels (Table 4.6). In the season of 2002, almost all buds were 
dropped on all experimental jarrah trees before anthesis, and prevented a repetition of 
the bud, flower and fruit drop experiment. It is most likely that this variation was 
caused by different weather conditions from year to year. Eucalypts are known to 
produce heavy seed crops only once every four or five years (Abbott et al., 1989). 
This is in common with other sclerophyllous Myrtaceous trees (Law et al., 2000). It 
was observed that not only are more capsules produced in favourable seasons (Table 
4.6), but seed viability levels can also be significantly higher. 
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Although the sample size was low, preventing statistical analysis, the Marrinup trees 
showed the greatest fertility amongst trees assessed on the three different sites 
(Figure 4.1). At Marrinup, trees in the surrounding jarrah forest do not flower until 
many of the clonal lines are well into their flowering season, so the surrounding 
forest is not likely to be a significant contributing pollen source. A limited number of 
genotypes are available when clones flower and a high level of selfing would be 
expected to reduce the seed set on this site, although the analysis did not find a 
significant difference (Figure 4.2). However, the trees have twice been given 
additional nutrients since being planted in 1994/95, and they were watered during the 
first few years, and this may have contributed to the high seed viability levels. The 
site also contains more groundwater than Del Park South or Freeman Road. The 
Marrinup trees also had the greatest level of bud and fruit predation, and an analysis 
could be conducted to see if this is associated with the increased level of cultivation 
and soil nutrients. Further investigation is required to confirm that environmental 
factors significantly affect seed production. 
 
Environmental factors can also be seen between the two Dwellingup clonal plots, in 
particular with the clone 1J65, probably due to different levels of shade between the 
two sites. Ramets from two half-sibs (1J30 and 1J65) make up 52% of the population 
at the Freeman Road plot, and 40% at Del Park South. Another two clones at Del 
Park South are half sibs (clones 12J35 and 12J72) and make up 42% of that 
population, so that at that site, 82% of the clones are derived from two mother trees. 
This gives ample opportunity for inbreeding to occur. The lower viability results 
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that approximately 20% of seed produced in undisturbed forest is selfed (Millar et 
al., 2000) but nothing is known of the processes that may reduce inbreeding between 
the seedling and mature tree stage in E. marginata. In other eucalypts such as E. 
regnans, field growth of selfed seedlings was depressed compared to outcrossed 
seedlings (Hardner and Potts, 1995b). The data in Figure 4.2 also suggest that seed 
fertility is reduced when selfing is increased, although the sample size used at 
Marrinup was too small to draw conclusions. 
 
Predation by insects accounted for between 0.3% and 11.3% of seed mortalities. This 
indicates that normally, predation is not a significant factor in embryo deaths. 
However, in some circumstances, possibly more for some genotypes, predation may 
account for up to 10% of embryo deaths, and may contribute to the low seed/ovule 
ratio seen in Eucalyptus marginata.  
 
Although the trees at the Pinjarra orchard were growing in close proximity to one 
another, it is assumed that they were predominantly outcrossing, due to the random 
nature of the planting, and the availability of pollen from other genotypes. However, 
these trees were only 6 years old at the time of counting, and for many this was their 
first major fruiting season. While the results (Figure 4.4) clearly demonstrate 
significant differences between genotypes in seed production, they may not reflect 
the fruiting habits of mature trees. Clone 57C72 did not produce any capsules, 
although this may be a feature of its immaturity, at six years of age, one ramet of 
clone 1J30 produced capsules, and two ramets of clone 29B40 produced capsules but 
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viable seeds, clone 52C25 consistently produced large numbers of viable seeds 
(Figure 4.3, 4.4). This may be an indication that some genotypes may be almost 
functionally female sterile, a possibility discussed further in Chapter 5. The potential 
of different genotypes to produce viable seed is better illustrated when the number of 
fruits per tree are included (Figure 4.4). This indicates that some genotypes are better 
for seed orchard trees due to their capacity to consistently produce larger quantities 
of viable seed. 
 
The natural immature fruit drop rates (Figure 4.5) indicate that the clones tested have 
different bud flower and fruit drop patterns and rates to the wild trees growing less 
than ten kilometres away. The seed/ovule relationships in both the wild trees and 
clones are also varied (Table 4.7). The average of the capsule/bud ratio of the wild 
trees was 9.3%, close to that seen by Griffin et al. (1987) in Eucalyptus regnans 
(9%), also in the Monocalyptus  subgenus. However the capsule/bud ratio of the 
clones tested was lower at 5.5%, indicating that the clones may be behaving 
differently to the wild trees, or perhaps the selection of clones has been made that are 
not particularly fertile individuals, although this difference was not statistically 
significant. More investigation is required in this area. When capsule/bud ratios are 
compared within genotypes, open pollinations of clone 503J16 had a capsule/bud 
ratio of 1.5%, while using control pollination it was 3.2%. It was unfortunate that 
clone 503J16 was chosen for this comparison, but at the time the low seed yield of 
this clone was unknown. Stukely and Byrne (1996, pers. comm.) achieved better 
capsule/bud ratios at 9.3% for clone 2J355 and 5.1% for clone 11J50 with their 
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the ones used for the control-pollination experiments in Chapter 3, which may partly 
account for the low seed maturation rates observed. 
 
The maternal effects on capsule/bud ratios in plants have long been recognised in 
plants and can contribute substantially to the phenotype of individuals (Roach and 
Wulff, 1987). Maternal influences were found to be stronger than male influences for 
seed set and seed weight in E. nitens (Symphomyrtus), (Tibbits, 1989). It appears that 
maternal effects may be influencing seed numbers in E. marginata. Maternal 
resources may also contribute to the amount of fruit held in different seasons, with 
more or all of the immature fruit being dropped during unfavourable conditions. 
Griffin et al. (1987) also considered that maternal influences contributed to the low 
seed/ovule ratio also seen in E. regnans. All observed jarrah trees produced many 
buds in the preceding summer, but variation occurred in the number that remained on 
the tree to produce viable seed. While environmental and climatic variations 
contribute to the differences in the amount of seed produced by a tree, it is clear that 
there is a strong genetic influence affecting how much seed is produced. This factor 
could be used in designing effective seed orchard, using genotypes that produce large 
quantities of viable seed, along with the other desirable traits, such as resistance to 
Phytophthora cinnamomi, or form. In a seed orchard, genotypes such as 57C72 that 
have no seed set should be excluded unless they have such a desirable genotype in 
other traits, that it is worth including them as male parents.  
 
It is interesting to consider why a large, long-lived plant such as jarrah would 
produce so many flowers that result in so few viable seeds. Wiens et al. (1987) notes                                                   Chapter 4. Variation in Fruit Fertility in E. marginata 
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that seed/ovule ratios affect long term survival prospects of a species. However, 
jarrah has a widespread distribution and large population numbers, as well as having 
a long life span, and perhaps this is enough to compensate for some individuals being 
poor seed producers. Sometimes resource limitations, predation effects or pollen 
availability limit the amount of seed produced by a plant (Ehrlen, 1992). The effect 
of additional fertiliser and water apparently has increased the seed/ovule ratio at 
Marrinup orchard, and dry spring weather noticeably decreases the number of 
flowers that remain on the trees (Table 4.5). Predation sometimes has a significant 
effect on seed numbers. While there is abundant pollen produced by E. marginata, 
pollinator efficiency may play a part (Davis, 1997; House, 1997; and Yates, 2003) in 
reducing the seed/ovule ratio. This may favour self pollination over outcrossing due 
to the limited movement of insects between trees, and a preference for trees 
containing more flowers. Charlesworth (1989) also points out that large, woody, 
long-lived plants have a different reproductive strategy to annuals, which rely on one 
season for their reproduction (Allphin et al., 2002; Wiens, 1989). Long-lived plants 
are able to abort their flowers in an unfavourable season. However, maximum 
realized fertility cannot be achieved with the production of only a few flowers 
(Charlesworth, 1989). The possibility of fruit abortion through increased selfing due 
to habitat fragmentation (Cunningham, 2000) does not apply to jarrah, which has a 
continuous distribution. However, Eucalyptus marginata tends to mate with 
individuals that are geographically close and also closely related (Chapter 7, Millar et 
al., 2000). Some fruits may be aborted as part of a post-zygotic incompatibility 
system, particularly with selfed seed, thus increasing the genetic load (where high 
levels of deleterious recessive alleles accumulate), as suggested by Charlesworth                                                   Chapter 4. Variation in Fruit Fertility in E. marginata 
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(1989). This has been documented in other south western Australian taxa (Burbidge 
and James, 1991), and has been documented in other eucalypt species (Griffin et al., 
1987; Pound et al., 2002; Sedgley and Granger, 1996) and will be examined further 
in Chapter 5. 
                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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Chapter 5. Gamete development and self-incompatibility in 
Eucalyptus marginata 
 
5.1. Introduction 
 
The low levels of seed production, particularly in the clonal populations of 
Eucalyptus marginata,  are a cause for concern when developing seed orchards 
(Chapter 4). Information is needed on the breeding system in order to maximise seed 
production from selected orchard genotypes. Eucalyptus species mostly have a mixed 
mating system with preferential outcrossing (Eldridge et al., 1993; James and 
Kennington, 1993; Potts and Savva; 1988; Pryor, 1976). Outcrossing rates tested at 
the mature seed stage usually range from 69-86% (James and Kennington, 1993; 
Moran and Bell, 1983). Flowers are protandrous but self-pollination can occur 
between flowers on the same tree. Self-pollination occurs as readily as cross-
pollination in E. marginata (Chapter 3), however an outcrossing rate has been 
determined of 81% in a mating system study (Millar et al., 2000). Many eucalypts 
have varying self-incompatibility mechanisms, and although no differences were 
recorded in E. marginata clones 5J119 and 503J16 between the amount of fruits 
produced from self- and cross-pollinations (Table 3.8), one of the wild trees (wild 
tree 2) did hold more cross-pollinated capsules than selfed capsules (Table 3.9).  
 
Levels and methods of self-incompatibility differ within and between Eucalyptus 
species. At the point of pollination, outcrossing is promoted by the protandrous 
condition in eucalypts (House, 1997), although self- and outcrossed pollen grains                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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both germinate and pollen tubes can grow uninhibited through the stylar tissue in the 
majority of eucalypts (Griffin, 1987; James and Kennington, 1993; Hardner and 
Potts, 1995a; Kennington and James, 1997; Moran and Bell, 1983; Sampson et al, 
1995; Savva et al., 1988). Some species of eucalypts have been observed to be fully 
self-incompatible, such as the rare Tasmanian Eucalyptus morrisbyi (Potts and 
Savva, 1988). Within species, individual trees may vary in their capacity to produce 
viable seed from self-pollinations (Ellis and Sedgley, 1992; Potts and Savva, 1988; 
Rye, 1980). In E. globulus ssp. globulus, trees vary from fully self-compatible to 
fully self-incompatible (Pound et al., 2002a) and the self-incompatibility mechanism 
was shown to act at a point after the pollen tube entered the ovule. Self fertilisation in 
eucalypts usually results in a reduction in capsule and seed production, and seedling 
vigour (Griffin et al., 1987; Hardner and Potts, 1995a; House, 1997; Sedgley and 
Granger, 1996). However, E. platypus showed little difference in the number of 
seeds produced from self-fertilisation compared to cross-fertilisation, although there 
was more zygote degeneration in self-fertilisation compared to cross-fertilisation 
(Sedgley and Granger, 1996). In Eucalyptus regnans (Monocalyptus) there was no 
difference in ovule penetration or in embryo and endosperm development following 
self- and cross-pollination, but 98% of seed was produced from cross pollination  
rather than self pollination events, indicating that post-zygotic genetic controls may 
operate (Griffin et al., 1984; Sedgley et al., 1989). The most likely method of 
maintaining outcrossing levels is through maternal selection of embryo genotypes 
and competitive interaction of genotypes (Griffin et al., 1987). Sedgley and Granger 
(1996) found that ovule degeneration often occurred after self-fertilisation in E. 
spathulata and E. platypus (Symphyomyrtus).                     Chapter 5. Gamete development and self-incompatibility in E. marginata 
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Ellis and Sedgley (1992) found that E. spathulata, and  E. leptophylla 
(Symphyomyrtus) were both highly self-incompatible at the post-zygotic level, but E. 
spathulata ranged from being self-compatible to self-incompatible at the pre-zygotic 
stage, with a range of self-pollination success that varied between individuals. 
Eucalyptus cladocalyx showed a range of post zygotic self-incompatibility from self 
compatible to fully self incompatible (Ellis and Sedgley, 1992). Sedgley and Smith 
(1989) found that although the self-pollen germinated in E. woodwardii, and the 
pollen tube often reached the ovule through the placenta, fewer selfed pollen tubes 
penetrated the ovule than cross-pollinated tubes.  
 
Other naturally occurring mechanisms to increase outcrossing rates have been 
recorded, including male and female sterility. In Eucalyptus leucoxylon 
(Symphyomyrtus), 57% of trees were found to be male sterile (Ellis and Sedgley, 
1993), and this was genetically controlled. Hermaphrodite trees produced more 
selfed seed than male sterile trees.  
 
Self-compatibility can lead to inbreeding, which can be a problem in eucalypt 
orchards where related genotypes, or several ramets of the same genotype are 
growing near each other. For example, in E. regnans (Monocalyptus) there was less 
seed set, and less seedling vigour from self-fertilised seeds compared to outcrossed 
seed (Hardner and Potts, 1995b). Eucalyptus regnans has a natural outcrossing rate 
of 74% (Moran et al., 1989), and has similar neighbourhood structuring that was 
implicated in E. marginata (Millar et al., 2000). Natural levels of inbreeding can thus                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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be extended by poor planting patterns in seed orchards. Outcrossing rates can be 
higher in seed orchards where the grouping is managed to avoid proximity of closely 
related individuals. Stand density in plantations can also influence the rate of 
outcrossing in Eucalyptus globulus (Hardner et al., 1996), where in enclosed forests 
the outcrossing rate was close to one, while isolated trees showed an outcrossing rate 
of 0.48.  
 
Other groups of hermaphroditic, diploid Australian plants are also capable of self-
fertilisation and are commonly self-pollinating, such as Stylidium, Laxmannia and 
Isotoma (James, 1996). The inbreeding and substantial genetic load exhibited by 
these plants, including some Eucalyptus  species, is modulated by post-zygotic 
systems, with the early abortion of genetically incompetent (homozygous) seeds and 
the coalescence of the genome into fewer linkage groups, so that the proportion of 
heterozygous seed is maximised (James, 1996). Even the structure of the female 
organ in angiosperms, where the female prothallium is situated inside the nucellus 
which is inside the ovule, which in turn is inside the carpel, which may be enclosed 
by an additional protective layer surrounding the carpel, is suggestive of a 
mechanism to allow for selection of appropriate pollen to promote cross-pollination 
(Willemse, 1999). 
 
5.1.1. Development of the megasporangium and the microsporangium 
In Eucalyptus, the number of ovules greatly exceeds the number of seeds that the tree 
is able to produce (Pound et al., 2002b). The excess ovules constitute a drain on the 
tree’s resources, and selection should favour their progressive loss from the ovary.                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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There has been a conversion of some ovules into ovulodes, which do not develop an 
embryo sac (Rye, 1980). This is observed in many Myrtaceae and all Eucalyptus 
species. In some species the top rows of ovules always develop into ovulodes, while 
the fully developed ovules are always in the lower half of the placenta (Pound et al. 
2002a). The specific pattern of ovules/ovulodes in Eucalyptus is believed to remain 
stable within species, and has been used as a taxonomic character (Carr and Carr, 
1962a). 
 
Davis (1968, 1969) investigated the development of the sporangia in E. melliodora 
(Symphyomyrtus)  and  E. stellulata (Monocalyptus). Little difference was seen 
between the two species in the microsporangium, although E. stellulata always 
contained a percentage of sterile pollen. Microsporogenesis did not occur 
simultaneously, throughout a flower, but was similar in those anthers within the same 
whorl. Early studies in Eucalyptus embryology were carried out by Zucconi (1958, 
1958-59), who examined E. camaldulensis and found that endosperm was nuclear, a 
feature confirmed by Polunina (1957) in E. cinerea, and E. stellulata amongst other 
Eucalyptus species.  
 
The work outlined in this chapter aimed to compare gamete development in E. 
marginata  with other eucalypt species,  and investigate levels of fertilisation, and 
look for evidence of zygote abortion. Detailed examination of the fertilisation 
process is necessary to confirm the presence or absence of self-compatibility in E. 
marginata. This information is necessary for the informed management of seed 
orchards of E. marginata in order to maximise outcrossing levels.                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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5.2. Materials and methods 
 
5.2.1. Trees 
Four  E. marginata trees were used, two clones (5J119 and 503J16) growing at 
Murdoch University (32
o 2’ 54”S, 115
o 50’ 46”E), and two wild trees growing at the 
Harry Waring Mammal Reserve at Wattleup (32
o  9’ 47”S, 115
o  49’ 22”E), 
approximately ten kilometres south of Murdoch University. The wild trees were 
chosen for their approximate size and age as being close to the ten-year-old clones, 
which had already flowered for several years. One of the clones (5J119) was known 
for producing good quantities of viable seed, while the other (503J16) was known for 
producing very few seeds. Similarly, one of the wild trees (tree 2) was a good 
producer of viable seed, while the other produced little if any viable seed. In addition 
to the clones 5J119 and 503J16, one other clone (133J38) was used for open 
pollinated collections undertaken in 2000. Flowering times differed between the 
clones and the wild trees. For the clones, pollination was completed in October, 
2001, while for the wild trees pollination was completed in December, 2001. The 
pollen source for cross-pollinations of the clones 5J119 and 503J16 was a wild tree 
that had pollen which demonstrated vigorous in-vitro germination (tested during the 
work for Chapter 2). This tree was growing along the roadside at Kelmscott (32
o 7’ 
44” S, 115
o 58’ 44” E), approximately 18 kilometres from Murdoch University where 
the clones were growing. All pollen was tested for viability before use, using the 
technique outlined in Chapter 2. Another wild tree growing at Wattleup, at least 200 
metres from the trees being pollinated, was used for cross-pollination of the wild                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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trees, since the tree at Kelmscott had finished flowering by the time the Wattleup 
trees began flowering. This pollen was also tested for viability before use and 
showed 70% germination. 
 
5.2.2. Pollination 
Open-pollinated buds, flowers and fruits were collected from the three clones (5J119, 
503J16, and 133J38) every two weeks in the season of 2000, for embedding in 
paraffin and examining gamete development. Flowers from clones 5J119 and 
503J16, and the two wild trees from Wattleup were hand pollinated using the ‘fresh’ 
method outlined in Chapter 3 in the season of 2000 and again in 2001, for 
examination of fertilisation and early zygote development. All flowers were 
emasculated and isolated with aluminium foil squares at anthesis (Chapter 3), and 
were pollinated four or five days after anthesis before re-isolation, depending on the 
time of season that pollination was being conducted. Fifty flowers from each tree 
were self-pollinated and fifty flowers were cross-pollinated, and the pollinated 
flowers marked by cotton threads to identify the treatment. 
 
5.2.3. Collections and microscopy 
Collected open-pollinated flowers were fixed in Formalin: Acetic acid: 70% Ethanol 
(1:1:18) for two weeks, and then stored in 70% ethanol. They were dehydrated in a 
tertiary butyl alcohol series before being embedded in paraffin and sectioned at 5µm 
thickness, and stained with safranin and fast green. Data were recorded for the 
number of ovules observed, and the number of ovules containing embryo sacs. 
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To examine pollen tubes in styles for the four trees that were self- and control-
pollinated in the season of 2001, three flowers were harvested from each tree for 
each treatment, four days after pollination. This was conducted by following the 
procedure outlined in Chapter 3 for staining with aniline blue and observing under 
fluorescent light using a compound microscope. For the wild trees four flowers were 
collected five days after pollination for examination of pollen tubes in the ovary, 
around and entering ovules, using the same procedure as above.  
 
Three or four flowers were collected from each control pollinated tree for each 
treatment at 2 weeks, 3 weeks, 4 weeks, 5 weeks, 6 weeks and 7.5 weeks, in the 
season of 2001 (Table 5.1). The flowers were trimmed to remove part of the ovary 
wall, fixed in 3% glutaraldehyde in 0.025M phosphate buffer, pH 7.0 for a minimum 
of 48 hours. Then the ovaries were dehydrated in a series of alcohols, with methoxy-
ethanol, then into ethanol, then into propan-1-ol, then butan-1-ol, after four days at 
each stage of dehydration. Portions of the locules in the ovary were exposed with a 
razor blade once the specimens were placed into a 1:1 mixture of butan-1-ol:glycol 
methacrylate (GMA). After a further nine days the specimens were placed into 100% 
GMA resin and infiltrated for a further 13 days. Then the specimens were placed into 
fresh resin and infiltrated again for six days, before embedding in GMA with an 
oxygen free environment at 60
oC for two days. 
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Table 5.1. List of collections of pollinated flowers from Eucalyptus marginata 
wild tree 2 and clone 5J119, in the season of 2001 for fixation and embedding. 
Tree Weeks  after 
pollination 
Self-pollinated 
buds collected 
Cross-pollinated 
buds collected 
5J119  1 3  3 
(pollinated 6/10/01)  1.5  3  3 
 2  3  3 
 2.5  3  3 
 3  3  3 
 4  3  3 
 5  3  3 
 6  3  3 
 7  2  3 
Wild tree 2  2 4  3 
(pollinated 3/12/01)  3  3  3 
 4  3  3 
 5  3  3 
 6  3  3 
 7  0  4 
 8  1  4 
 9  0  2 
 
Three ovaries were embedded for each developmental stage for each tree, but mostly 
only one of the ovaries was sectioned for Wild Tree 2 and clone 5J119. These two 
trees were selected because of their capacity to produce large numbers of seeds. 
Time did not permit sectioning blocks from the remaining two trees that were known 
to produce low numbers of seeds. Serial, longitudinal sections, 3µm thick were cut 
and then stained with Periodic acid – Schiff’s reagent followed by staining with 
Toluidine blue O (PAS/TBO). Sections were observed on an Olympus BH-2 
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on the number of ovules observed for each ovary, the presence or absence of nucellus 
cells, and their condition, the presence or absence of an embryo sac, and the number 
of fertilised embryo sacs (based on the presence of endosperm or zygote, along with 
the absence of the egg and central cells). Statistical analysis was undertaken using 
one way ANOVA at the 0.05 significance level, with all factors being considered as 
fixed. 
 
5.3. Results 
 
Paraffin embedded material 
5.3.1. Gamete development  
Gamete development continued over nine or ten months in the three clones observed, 
and is outlined in Figure 5.1. Megasporogenesis was not closely observed due to lack 
of fixation and/or poor embedding of buds. At the stage of 17 weeks after appearance 
of flower buds in the leaf axils, the synergids were large and visible but not often 
highly stained. The polar nuclei were more often situated near the centre of the 
embryo sac, in a mass of cytoplasm. By August, embryo sac development was nearly 
complete with the polar nuclei and synergids always being visible in fertile ovules. 
The filiform apparatus was well developed and stained strongly with safranin at this 
stage. 
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Figure 5.1. Gamete Development in Eucalyptus marginata 
 
5.3.1.1. Microsporogenesis 
The microspore mother cells formed 17 weeks after the appearance of the buds in the 
leaf axils. The glandular tapetal cells often contained two nucleoli within a nucleus 
(Plate 5.1a). Meiosis I and II occurred in rapid succession (Plate 5.1b, 5.1c), followed 
by the formation of tetrads and the degeneration of the tapetal cells. At 28 weeks 
after the appearance of the buds, mitosis occurred in the one-celled pollen grains, 
where the exine was beginning to develop (Plate 5.1d, 5.1e). It was evident that some 
grains that had failed to take up stain by the two-celled stage would not be viable 
(Plate 5.1f). Anthesis occurred approximately 32 weeks after appearance of the buds 
in the leaf axils. 
1. Appearance of 
buds in leaf axils  1. November - 
December 
2. Male and female archesporial 
cells appear  5 weeks after 1. 
3. Microspore mother  
cells undergo meiosis,  
nearly synchronous  
within a bud or anther
17 weeks after 1.
3. Embryo sac  
development at  
the 8-cell stage,  
synchronous within 
an ovule 
28 weeks after 1.  4. Pollen grains at 
the one- and two 
celled stage,  
mitosis occurring 
32 weeks after 1. 5. Anthesis 5. Embryo sacs 
mature                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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5.3.1.2. Post-fertilisation.  
No pollen tubes were observed in embryo sacs for any clones sectioned in paraffin. 
Several zygotes were observed, and they too, appeared to be mostly situated in the 
centre of the longitudinal section of the embryo sac with endosperm developing 
around them. Clone 503J16 had embryo sacs that were mostly not functional. While 
they sometimes contained synergids and filiform apparatus or polar nuclei, they were 
often otherwise empty. Endosperm or zygotes were not seen in clone 503J16, which 
holds its capsules until maturity, although they rarely contain seed. By November, 
the nucellus cells in clone 503J16 were deteriorating, with the nuclei degenerated by 
this time. Table 5.2 shows the number of ovules that contained polar nuclei, 
synergids and egg cells for the three clones observed. A one way ANOVA at the 0.05 
significance level (data were normally distributed and were percentages) found that 
the difference in the proportion of embryo sacs to ovules produced by the three 
genotypes was significant (d.f. = 2, 6, F = 5.24, p < 0.05, see Appendix I, Table 
A5.1).  
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Plate 5.1.  
 
Developmental sequence of microgametogenesis in Eucalyptus marginata. 
Longitudinal sections of two Eucalyptus marginata buds [(a), (b), (e) and (f), clone 
133J38, (c) and (d), clone 5J119] Bars = 12.5µm. 
 
(a). Young microspore mother cells (mmc), tapetum (t), and middle layer (ml), 
17 weeks after appearance of buds in the leaf axils. 
 
(b). Dividing microspore mother cells (dmmc) in meiosis I, 17 weeks after 
appearance of buds in the leaf axils. 
 
(c). Formation of pollen tetrads (te), 17 weeks after appearance of buds in the leaf 
axils. 
 
(d). Pollen grains (pg) at the one-celled stage, 28 weeks after appearance of buds 
in the leaf axils.  
 
(e). Pollen grains (pg) at the two celled stage, 28 weeks after appearance of buds 
in the leaf axils.  
 
(f). Pollen grains at the two celled stage, 28 weeks after anthesis. Some pollen 
grains have not taken up much safranin stain, and may be sterile at maturity 
(spg), while others have stained fully and appear to be viable (vpg).                     Chapter 5. Gamete development and self-incompatibility in E. marginata 
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Table 5.2. Numbers of ovules containing embryo sacs in three clones of 
Eucalyptus marginata for the season of 2000. Dates in italics are post-anthesis. 
Standard errors are in parenthesis. 
Clone/date   No. of ovules 
(including 
ovulodes) 
% of ovules with 
polar nuclei or 
synergids (zygotes) 
% of ovules 
with 
nucellus 
% ovulodes 
(integument 
only) 
5J119        
14/4/00   15  53.3  60.0  40.0 
2/8/00   15  33.3  33.3  66.7 
2/10/00   19 42.1  47.4  52.6 
21/11/00  17 23.5  47.1  52.9 
Mean (s.e.)  16.5 (0.96)  38.1 (6.35)  47.0 (5.45)  53.1 (5.45) 
503J16        
2/8/00   21  14.3  38.1  61.9 
24/10/00   21 0  52.4  47.6 
21/11/00   25 0  60.0  40.0 
Mean (s.e.)  22.3 (1.33)  4.7 (4.77)  50.2 (6.42)  49.8 (6.42) 
133J38        
1/4/00   15  60.0  60.0  40.0 
2/8/00   13  23.1  53.8  46.2 
Means (s.e.)  14 (1.00)  41.6 (18.45)  56.9 (3.10)  43.1 (3.10) 
 
 
GMA embedded material 
5.3.2. Position and numbers of ovules in ovaries  
The position and number of ovules were observed in the open pollinated flowers 
(clones 5J119, 503J16 and 133J38) and from the control-pollinated flowers (clone 
5J119 and wild tree 2). There were three (occasionally four) locules per capsule in all 
flowers. Generally ovules were situated near the distal end of the locule with the                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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ovulodes sitting above them near the proximal end of the locule, but sometimes 
ovules were situated near the proximal end of the locule (Plate 5.2a, 5.2b). The 
number of ovules (including ovulodes) per ovary ranged from 13 to 51 (Table 5.3), 
and of these most ovules containing a nucellus also contained some elements of an 
embryo sac. However, open pollinated flowers from clone 503J16 had ovules that 
did not contain embryo sacs, even when they had a fully developed nucellus.  
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Table 5.3. Mean number of ovules per flower in Eucalyptus marginata. Material used was from open pollinated and control 
pollinated buds and flowers up to 4 weeks after anthesis that were collected in 2000 and 2001. Standard error values are in parenthesis. 
Tree (number of 
flowers) 
 % of ovules with 
nucellus (s. e.) 
%. of ovules with 
integuments only 
(ovulodes)  
% of ovules with 
synergids (s. e.) 
% of ovules with 
central cells or 
zygotes (s. e.) 
Total mean no. 
ovules and 
ovulodes (s. e.) 
Tree 2 (2)#+  46.6 (4.85)  53.5 (4.85)  26.8 (1.05)  14.3 (11.45)  35.5 (0.50) 
5J119 (7)*#+~  56.0 (5.32)  44.0 (5.32)  32.0 (3.14)  30.8 (5.18)  24.6 (5.12) 
133J38 (3)*~  54.6 (2.91)  45.4 (2.91)  37.7 (18.21)  23.85 (13.19)  14.7 (0.88) 
503J16 (2)*~  45.3 (7.15)  54.8 (7.15)  7.2 (7.15)  7.2 (2.35)  22.3 (1.33) 
Mean  50.6 (2.75)  49.4 (2.75)  25.9 (6.64)  19.0 (5.22)  24.3 (4.30) 
# control-pollinated 
* open-pollinated 
+ embedded in GMA 
~ embedded in paraffin 
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5.3.2. Pollen tubes in the lower style and ovary 
Using fluorescence microscopy, whole ovaries with their styles from the two wild 
trees were examined to assess the number of pollen tubes that reached the ovules. It 
was observed that more cross-pollen tubes penetrated the ovules than selfed pollen 
tubes (Table 5.4, Plate 5.2c, 5.2d). A Log-linear analysis at the 0.05 significance 
level found a significant interaction between trees and numbers of pollen tubes in 
self- and cross-pollinated ovaries (d.f. = 3, Chi sq. = 28.53, p < 0.001, see Appendix 
I, Table A5.2). Data in Chapter 3 found that there was no difference between 
numbers of pollen tubes in self- and cross-pollinated styles. During the pollination 
studies in Chapter 3, the emphasis was placed on pollen that germinated in the upper 
part of the style. 
 
Table 5.4. Location of pollen tubes in the lower style and ovary in Eucalyptus 
marginata. 
  Numbers of pollen tubes       
Tree (no. of buds 
observed) 
Lower 
style 
Around ovules  Penetrated 
ovules 
Other tissue 
Wild tree 1         
Cross-pollinated (4)  20  18  7  0 
Self-pollinated (4)  8  0  2  0 
Wild tree 2        
Cross-pollinated (4)  8  8  3  5 
Self-pollinated (4)  9  5  0  5 
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Plate 5.2.  
 
(a), (b). Longitudinal sections of an Eucalyptus marginata ovary (with 
the stylar end at the top of the photo) 17 weeks after buds appeared 
in the leaf axils, embedded in paraffin and stained with safranin and 
fast green from clone 5J119 showing two possible arrangements of 
ovulodes (o) and ovules (ov) within an ovary. Ovules with pink 
centres have a degenerating nucellus (dn). Scale = 0.25mm. 
 
(c). Fluorescence image of the basal section of a squashed Eucalyptus 
marginata style 2 days after pollination. Pollen tubes (pt) can be 
seen at the base of the style. Bar = 50µm. 
 
(d). Fluorescence image of a Eucalyptus marginata ovule 10 days after 
pollination. A pollen tube (pt) can be seen close to the micropyle (m) 
of the ovule. Bar = 50µm.                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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5.3.3. Fertilisation and self-incompatibility in control pollinated material 
Ovules were scored as fertilised if free nuclear endosperm or zygotes were observed, 
along with the absence of egg and central cells (Plates 5.3a, 5.3d, 5.5d, 5.6a, and 
5.6b). Ovules that were pollinated no more than two weeks before collection, were 
scored as fertilised if there was cytoplasm massing within the embryo sac, along with 
the absence of egg and central cells (Plates 5.3b, 5.3c, and 5.5a,). 55.6% of embryo 
sacs were fertilised in wild tree 2, and 39% of embryo sacs were fertilised in clone 
5J119. Occasionally selfed and crossed pollen tubes were observed entering embryo 
sacs (Plate 5.5b), and micropyles were also seen (Plate 5.5c). 
 
Zygotes were observed in both self- and cross-pollinated ovules in clone 5J119, and 
cross-pollinated ovules in wild tree 2. Generally several ovules were fertilised in 
each flower. Sometimes healthy endosperm nuclei were seen without a zygote, but as 
some sections were lost, and some ovules were heavily trimmed during the 
embedding, some zygotes may have been missed. Table 5.5 outlines the numbers of 
embryo sacs and zygotes observed in clone 5J119 and wild tree2. Zygotes and 
endosperm nuclei appeared very different between the two trees, wild tree 2 and 
clone 5J119. The wild tree 2 had zygotes that appeared to have a well developed cell 
wall, and looked very similar to zygotes from Eucalyptus nitens (Pound, 2002) and 
E. globulus (Pound  et al., 2002b), and endosperm nuclei that were distinct, and 
stained blue in the cross-pollinated ovules. Clone 5J119 had zygotes that did not 
have a prominent cell wall, and were much larger than zygotes from the wild tree 2. 
The endosperm nuclei in clone 5J119 were not distinct or readily identified, and did 
not stain blue, indicating possible degeneration.                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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A fertilised ovule was scored as degenerating if the degeneration was noticeable in 
comparison to other ovules of the same age from the same tree. Three self-fertilised 
ovules and one cross-fertilised ovule out of a total of 25 ovules in wild tree 2, and 
one self-fertilised ovule and two cross-fertilised ovules out of a total of 39 ovules in 
clone 5J119, were observed to be degenerating. The degeneration of ovules in clone 
5J119 may have included all observed fertilised ovules, since none of the zygotes 
had clear endosperm nuclei, or zygotes with prominent cell walls (Plates 5.3a, 5.3d, 
5.4a, 5.4b, 5.4c, and 5.4d). Degeneration of fertilised ovules in wild tree 2 was much 
clearer because the differences in the endosperm of selfed and cross-pollinated 
ovules were quite distinct by the time of five weeks after pollination (Plate 5.6c, 
5.6d). Self-pollinated ovules from wild tree 2 had endosperm nuclei that failed to 
take up stain and lost their clear outline in the sections by five weeks after pollination 
(Plate 5.6c). 
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Plate 5.3. Longitudinal sections of Eucalyptus marginata self- and cross-
pollinated ovules (clone 5J119), embedded in GMA and stained with 
PAS/TBO.  
 
(a). Collected 10 days after self-pollination, showing the zygote (z) in 
the embryo sac. Bar = 25µm. 
 
(b). Collected 10 days after cross-pollination, showing the unfertilised 
central cell (cc). Bar = 25µm. 
 
(c).Collected 4 weeks after self-pollination showing the degenerating, 
unfertilised central cell (dcc) and synergids (s). Bar = 25µm.  
 
(d). Collected 4 weeks after self-pollination showing a 2-nucleate zygote 
(z) with an endosperm nucleus (en) visible. The hole in the middle of 
the embryo sac is where the ovule did not fully embed with resin. 
Colours appear different due to the use of a digital camera. Bar = 
12.5µm.                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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Plate 5.4. Longitudinal sections of cross and self-pollinated ovules (clone 
5J119) that were embedded in GMA resin and stained with PAS/TBO. 
 
(a). Collected 6 weeks after self-pollination showing a degenerating 
zygote nucleus (dzn). Bar = 25µm. 
 
(b), (c) and (d). Collected 6 weeks after cross-pollination showing (b), a 
2-nucleate degenerating zygote (dz) with endosperm nuclei just 
visible, (c), zygote (z) with endosperm, and (d), degenerating 
synergids (ds) and nucellus (dn) in an unfertilised embryo sac. Bars 
= 25µm. 
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Plate 5.5. Longitudinal sections of Eucalyptus marginata self- and cross-
pollinated ovules (Wild tree 2) that were embedded in GMA resin and 
stained with PAS/TBO. 
 
(a). Collected 2 weeks after self-pollination showing the central cell (cc) 
of an unfertilised embryo sac. Bar = 25µm. 
 
(b). Collected 2 weeks after self-pollination, showing a possible pollen 
tube (pt) entering the embryo sac. Bar = 12.5µm. 
 
(c). Collected 4 weeks after cross-pollination, showing the micropyle 
(m). Bar = 25µm.  
 
(d). Collected 2 weeks after self-pollination, showing a young zygote 
(z). Bar = 10µm.                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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Plate 5.6. Longitudinal sections of Eucalyptus marginata ovules (Wild 
tree 2) that were embedded in GMA and stained with PAS/TBO. 
 
(a), (b). Collected 5 weeks after cross-pollination, showing a zygote (z) 
with free nuclear endosperm (e), and endosperm nuclei (en). Bars = 25 
µm. 
 
(c). Collected 5 weeks after self-pollination, showing endosperm (e) that 
has visible nuclei (en), but the nuclei appear to be degenerating. Bar = 
12.5µm.  
 
(d). Collected 6 weeks after self-pollination showing the degenerating 
nucellus (dn) and degenerating endosperm (des) within the embryo sac. 
Bar = 50µm.                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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By four weeks after pollination unfertilised embryo sacs in both clone 5J119 and 
wild tree 2 were beginning to degenerate (Plate 5.3c, 5.4d) and by six weeks after 
pollination nucellus cells were degenerating if the ovule was unfertilised (Plate 5.6e), 
or sometimes if the ovule was self fertilised. At seven weeks after pollination, cross-
fertilised ovules from wild tree 2 has grown approximately three or four times their 
size at anthesis, even though the zygote was only one or two celled, but self-fertilised 
ovules showed little change in size. In clone 5J119 both self- and cross-fertilised 
ovules grew much more slowly, and by the time of six weeks after pollination were 
less than double their size at anthesis.  
 
In order to test the level of self-incompatibility in both clone 5J119 and wild tree 2, a 
two way ANOVA at the 0.05 significance level was undertaken using the proportion 
of embryo sacs that were fertilised from Table 5.5. The main effect for cross- vs self-
fertilised ovules was found to be significant (d.f. = 1, 12, F =8.597, p < 0.02, see 
Appendix I, Table A5.3). All other effects failed to reach significance at the 0.05 
level, and Bartlett’s test (Appendix I, Table A5.4) indicated that variance was just 
above an acceptable level. Figure 5.2 (taken from the ANOVA) shows that both trees 
fertilised and held for up to six weeks more cross-pollinated ovules than selfed 
ovules but wild tree 2 fertilised and held less selfed ovules and more cross-pollinated 
ovules than clone 5J119, although the interaction between the trees and the number 
of self- and cross-pollinated ovules was not significant. 
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Table 5.5. Numbers of ovules containing embryo sacs and numbers of ovules fertilised in self- and cross-pollinated ovules of one 
clone and one wild tree of Eucalyptus marginata (fertilisation was determined by presence of endosperm or zygote, or presence of a 
mass of cytoplasm in ovules 2 weeks or less after pollination, and absence of egg and central cells). 
Tree and time after pollination 
(No. of ovules and ovulodes) 
% with embryo 
sacs 
% fertilised (% 
degenerating) 
% with nucellus  % with integuments only 
(ovulodes) 
Tree 2         
Self-pollinated 2 weeks (35)  22.9  5.7  51.4  48.6 
Cross-pollinated 2 weeks (36)  22.2  5.6  41.7  58.3 
Self-pollinated 5 weeks (29)  34.5  20.7 (10.3)  44.8  55.2 
Cross-pollinated 5 weeks (29)  34.5  24.1 (3.4)  44.8  55.2 
Cross-pollinated 6 weeks (21)  28.6  28.6  52.4  47.6 
Cross-pollinated 8 weeks (11)  18.2  218.2  36.4  63.6 
Mean (s.e.)  26.8 (2.78)  17.2 (3.91)  45.3 (2.45)  54.8 (2.45)  
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Table 5.5 (continued)         
Tree (No. of ovules)  % with embryo 
sacs 
% fertilised (no. 
degenerating) 
% with nucellus  % with integuments only 
(ovulodes) 
5J119        
Cross-pollinated 10 days (14)  64.3  28.6     
Self-pollinated 10 days (13)  76.9  15.4  76.9  23.1 
Self-pollinated 2 weeks (51)  29.4  9.8  49.0  51.0 
Cross-pollinated 2 weeks (28)  39.3  14.3  64.3  35.7 
Cross-pollinated 24 days (31)  29.0  16.1  61.3  38.7 
Self-pollinated 4 weeks (30)  33.3  13.3  50.0  50.0 
Cross-pollinated 4 weeks (14)  57.1  28.6  71.4  28.6 
Self-pollinated 6 weeks (31)  48.4  12.9 (3.2)  61.3  38.7 
Cross-pollinated 6 weeks (21)  61.9  33.3 (9.5)  76.2  23.8 
Mean (s.e.)  48.8 (5.74)  19.1 (2.85)  63.8 (3.79)  36.2 (3.79) 
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Plot of Means of fertilised embryo sacs in wild tree 2 and 5J119
2-way interaction
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Figure 5.2. Proportion of fertilised embryo sacs in self- and cross-pollinated 
ovules in wild tree 2 (    ) and clone 5J119 (      ). 
 
5.4. Discussion 
 
Gamete development proceeded normally in the three clones examined, although a 
limited number of genotypes were observed. The development observed here 
conforms well to gamete development in Eucalyptus stellulata (Monocalyptus) as 
observed by Davis (1969). Material fixed in FAA in the season of 2000 and 
embedded in paraffin showed inconsistent wax penetration as the tissue was 
extremely hard, and this limited the number of buds that could be successfully 
sectioned. Paraffin sections after anthesis sometimes did not show a clear delineation 
of the embryo sac, due to insufficient embedding, and also possibly due to 
insufficient fixation.                     Chapter 5. Gamete development and self-incompatibility in E. marginata 
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One of the clonal trees, 503J16 appeared to be almost functionally female sterile, due 
to the absence of elements of an embryo sac, such as an egg cell, and a central cell in 
nearly all ovules. This clone will be useless for breeding purposes, except as a pollen 
provider and should be discarded from the program. Observations made from seed 
counts in Chapter 4 indicated other clones that produced little seed, and it may be 
that these clones are also female functionally sterile. It is not known if some wild 
trees also have a similar characteristic, since no comparison was made during this 
project. Other eucalypts are sometimes female sterile, e.g. E. calophylla (Corymbia) 
was found to have some female sterile trees (Carr et al., 1971).  
 
Fertilisation rates in E. marginata were higher than expected from the work 
undertaken in Chapters 3 and 4 (Table 5.5), confirming that the high rate of flower 
and fruit drop seen in Chapters 3 and 4 is because of zygote abortion. Contrary to 
hypotheses made in Chapter 3, enough pollen tubes reached the ovules to fertilise at 
least one ovule in every flower that was control-pollinated and sectioned (Table 5.5). 
Fertilisation appeared to take place from ten days after pollination until several 
weeks after pollination, since pollen tubes were observed in micropyles up to four 
weeks after pollination. Fertilisation rates were higher in E. nitens (Pound, 2002), 
where nearly all ovules with embryo sacs showed some evidence of fertilisation two 
weeks after pollination.  
 
Zygote development in E. marginata differed between the wild tree and the clone 
examined. The wild tree had zygotes that appeared very similar to other Eucalyptus                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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species such as E. globulus and E. nitens (Pound, 2002; Pound et al., 2002b), but 
clone 5J119 had zygotes that appeared to lack a robust cell wall. Endosperm 
development also differed, with the endosperm nuclei in clone 5J119 appearing to be 
degenerating. The work undertaken on these two trees (wild tree 2 and clone 5J119) 
needs to be repeated with a larger sample size on other trees, in order to see if this 
unusual zygote appearance is present in other clones, and the ‘normal’ zygote 
appearance is present in other wild trees.  
 
It is unfortunate that time did not permit the sectioning of the other two trees in 
which control-pollinated flowers were collected and embedded. Flowers that were 
fixed in 3% glutaraldehyde in phosphate buffer in the season of 2000 did not fix 
correctly because they were not left long enough in the fixative. This material could 
not be used, and the controlled pollinations and collections were repeated in the 
season of 2001. This limited the amount of time spent on sectioning and microscope 
observations. While two wild trees and two clones were hand pollinated and 
collected, fixed and embedded in GMA, there was time only for sectioning two of 
these trees, and the best seed producers, wild tree 2 and clone 5J119 were chosen. All 
tissue from E. marginata is very hard and difficult to fix and embed.  
 
There was a trend for higher self-incompatibility in wild tree 2 than in clone 5J119. 
From the data in Table 5.5 it is clear that wild tree 2 held cross-fertilised ovules more 
easily than self-fertilised ovules, while clone 5J119 held approximately equal 
quantities of selfed and cross-pollinated flowers until seven weeks after pollination. 
A significant difference was found between the number of self-pollinated and cross-                   Chapter 5. Gamete development and self-incompatibility in E. marginata 
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pollinated ovules, although variance in the ANOVA was just above acceptable 
levels. A larger sample size in future research could confirm this finding. 
 
Self-incompatibility mechanisms in E. marginata appear to include some prezygotic 
effects, where fertilisation rates differ between cross- and self-pollinated ovules, as 
well as post-zygotic incompatibility mechanisms. This differs somewhat from 
incompatibility systems in some other Eucalyptus species (Pound, 2002; Pound et 
al., 2002a; 2002b), although the sample size in this study on E. marginata was too 
small to draw any firm conclusions. E. spathulata also showed some evidence of pre-
zygotic self-incompatibility (Ellis and Sedgley, 1992). Zygote abortion appears to be 
responsible for maintaining high outcrossing rates (81% in mature seed of E. 
marginata,  Millar  et al., 2000), as well as ovular self-incompatibility. Zygote 
abortion is indicated by the large numbers of ovules containing endosperm, some of 
which appeared to be degenerating, and the slow growth of some of the fertilised 
ovules. The level of self-fertilisation was also significantly lower than cross-
fertilisation for wild tree 2 but not for clone 5J119 (Table 5.5), indicating that wild 
tree 2 may be more self-incompatible than clone 5J119.  
 
The work presented here is preliminary. Future breeding programs depend upon the 
availability of trees that are able to produce good quantities of viable seed, so further 
investigation of the female gamete in other clones would be most beneficial. Further 
research could also include increasing the sample size of wild and clonal trees that 
were control-pollinated and zygote development observed. A more thorough 
approach regarding ovule growth, including measurements of ovules at several                    Chapter 5. Gamete development and self-incompatibility in E. marginata 
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developmental stages would also be informative. Collection times could also be 
refined, and some capsules should remain on the trees for final viable seed counts 
resulting from controlled pollinations. It is important to establish how many of the 
clonal trees are aborting a high percentage of their fertilised ovules, or if clone 5J119 
is unusual.  
 
Chapter 6 examines an attempt to raise the level of seed produced by clones with the 
use of a growth retardant and flower inducer, paclobutrazol.                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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Chapter 6. The Use of Paclobutrazol to Promote Flowering and 
Fruiting in Orchard Trees of Eucalyptus marginata (jarrah) 
 
6.1. Introduction 
 
Three major problems exist in the breeding of forest trees. First is the long gap 
between generations, which in jarrah (Eucalyptus marginata) is approximately ten 
years. The second problem is the large size of the trees when flowering (especially 
when most of the fertile flowers occur near the top of the tree) and third is the 
irregularity and variation in abundance of flowering.  
 
Inducement of early precocious flowering could be a possible solution (Griffin et al., 
1993; Hasan and Reid, 1995; Meilan, 1997; Moncur, 1994; Moncur, et al., 1994). 
Paclobutrazol is a growth regulator that reduces the biosynthesis of many of the 
gibberellins that promote growth and inhibit flowering in angiosperms (Cauvin 1991; 
Zimmerman et al., 1985). Moncur and Hasan (1994) and Hasan, et al. (1994) found 
that a relationship existed between paclobutrazol and GA3 in Eucalyptus nitens. In 
this species it acts as a dwarfing agent and promotes flowering. Current research on 
paclobutrazol indicates that it may induce flowering in young eucalypt trees. Further, 
it maintains more prolific flowering than control plants (Bonnet-Masimbert and 
Webber, 1995; Hasan and Reid 1995; Hetherington and Jones, 1990; Hetherington et 
al., 1992; Griffin et al., 1993; Moncur, 1994; Moncur and Hasan, 1994; Moncur et 
al., 1994; Williams, 1999; Williams et al., 1999). Some authors also state that it will 
increase the number of seeds/capsule in the resultant fruits (Hasan and Reid, 1995).                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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No negative effects on the growth of seedlings from seeds produced by 
paclobutrazol-treated plants were observed by Hasan and Reid (1995). Other growth 
retardant hormones have also been tried but paclobutrazol consistently gives the best 
results for controlling growth and promoting precocious flowering (Moncur, 1994). 
 
The reasons why a tree flowers or does not flower has long interested plant breeders 
(Jordan et al. 1999). Many environmental factors have been postulated such as 
temperature change, nutrients, water stress, exposure to direct sunlight, photoperiod, 
stem girdling and root pruning, as well as genetic control (Williams, 1999). For 
eucalypts, the environmental factor for which there is most evidence for a positive 
effect on flowering is a drop in temperature during the period when the buds are 
forming (Meilan, 1997; Moncur, 1994; Moncur and Hasan, 1994; Williams, 1999; 
Williams et al., 2003). The addition of nutrients comes a close second (George and 
Nissen, 1992; Meilan, 1997; Raese, 1983; Williams, 1999). Other factors shown to 
have an effect on flowering and fruiting include water stress during bud and fruit 
development (Meilan, 1997; Williams, 1999), and the period of direct sunlight 
(Jordan  et al.,  1999). Photoperiod has little effect on flowering in tropical trees, 
although it has effects on a wide range of other plants (Moncur, 1994).  
 
There has been much interest in the level of genetic control exercised by forest trees 
in making the change from vegetative to reproductive growth. It appears that 
although this change is at present incompletely understood, there is a point where the 
tree changes phase enabling it to flower if environmental factors are favourable 
(Jordan et al., 1999; Moncur, 1994; Wiltshire et al., 1998; Williams et al., 1999;                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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Zimmerman et al., 1985). The use of mature wood grafted onto young seedlings can 
reduce the time taken for the tree to change phase (Cauvin, 1991; Moncur, 1994; 
Zimmerman et al., 1985), and the grafts also provide flowers much closer to the 
ground than in an ungrafted tree. Hormones such as GA3 seem to have a role in phase 
change (Zimmerman et al., 1985). Perhaps the tree has to reach a certain size before 
phase change occurs since the addition of nitrogen and phosphorous to trees speeded 
up the phase change (Williams, 1999).  
 
The best time of year to apply paclobutrazol to eucalypts has not been firmly 
established, although autumn is preferred (Table 6.1) since a spring application does 
not take effect on flowering until the following spring (Griffin et al., 1993). The 
importance of applying paclobutrazol while moist soil conditions prevail has been 
emphasised by Hetherington (2000), and Hetherington and Moncur (1994). This is 
because the paclobutrazol will bind to the soil particles when the soil is dry, making 
it unavailable to the tree. Application methods take three forms, collar drench, trunk 
injection or foliar spray. Consensus appears to favour collar drenching as having a 
more long-lasting effect and not causing damage to the trunks of young trees 
(Hetherington, 2000; McComb, unpub.; Moncur, et al., 1994). Paclobutrazol was 
found to be quite resistant to microbial attack in the soil, accounting for its long-
lasting effect as a collar drench (Jackson et al., 1996).  
 
Apart from its longevity in the soil, few adverse environmental effects such as 
toxicity to fauna, have been noted (Lever, 1986). ‘Cultar’ (a commercial form of 
paclobutrazol with 250g/l a.i.) was found to have low toxicity to mammals, fish,                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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birds, bees and other beneficial insects, earthworms and micro-organisms. Doses for 
collar drenching range from 0.16g a.i./cm circ. to 2.2g a.i./cm circ. High doses have 
been recorded to have effects lasting up to six years (Griffin et al., 1993).  
 
The addition of fertiliser, in particular nitrogen fertiliser, has been found to enhance 
flowering production when used either alone, or together with paclobutrazol (George 
and Nissen, 1992; Meilan, 1997; Raese, 1983; Williams, 1999). George and Nissan 
(1992) increased the fruit yield in a low-chill peach cultivar by 60% using nitrogen 
fertiliser with paclobutrazol. Williams et al., (2003) found that the addition of 
nitrogen without paclobutrazol application did not increase the numbers of 
Eucalyptus nitens trees with umbels, until the trees were 4.5 years old, although the 
trees grew more following the nitrogen application. The addition of nitrogen did have 
a significant effect on the timing of phase change — the larger, faster growing trees 
changing earlier (Williams et al., 2003). When nitrogen was applied with 
paclobutrazol to immature trees it significantly decreased the time for first flowering 
of the trees and increased the number of trees with umbels 1.5 years later. For mature 
trees the application of nitrogen with paclobutrazol increased the percentage of trees 
containing umbels on both red and grey soils (red soils contained more nitrogen), but 
if paclobutrazol was applied on grey soils without nitrogen, the effect of promoting 
bud production was less (Williams et al., 2003). While the addition of fertiliser may 
be a drawback in terms of crown management, if applied with paclobutrazol it will 
benefit flowering whilst maintaining a desirable canopy form (Williams, 1999). The 
addition of fertiliser would also help to remove the differences in soil type that may                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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affect flowering, and also may enhance the result of the paclobutrazol application 
(Williams, 1999, Williams et al., 2003).  
 
Preliminary work on the effect of paclobutrazol on the flowering of young jarrah 
trees concluded that collar or root drenching was the best method of applying 
paclobutrazol to young jarrah, and it is preferable to use trees growing in the ground 
rather than in pots (McComb unpub.; Wilson, 1999). 
 
Little is known about the effects of fertiliser on jarrah (Hingston and Jones, 1985; 
Hingston  et al., 1990; O'Connell and Grove, 1996). It appears that although it 
requires less nutrients than some other species of timber eucalypts, it will absorb and 
use extra nutrients, in particular, the floral buds will contain extra nitrogen if this 
nutrient is applied to the tree (Hingston et al., 1990). Jarrah shows a modest response 
to fertiliser additives compared with other timber eucalypts, reflecting the more 
depauperate conditions under which it naturally occurs (Grove et al., 1996; 
Kriedemann and Cromer, 1996; O'Connell and Grove, 1996).  
 
In this thesis the use of paclobutrazol will be explored in attempting to reduce the 
long generation intervals in Eucalyptus marginata, and for making the seed orchards 
of jarrah more reliable producers of large quantities of viable seed in capsules of 
accessible height in the crown. 
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Table 6.1.Paclobutrazol application times and age of trees for Eucalyptus species. 
Species  Reference  Time of year applied  Age of trees (years)
1  Method of application 
E. globulus  Hetherington & Jones (1990)  Spring   n. s.   
E. globulus  Hetherington et al. (1992)  Autumn   n. s.  Stem injection 
E. nitens  England et al. (1992)  Autumn   3  Soil drench 
E. nitens &  E. 
globulus 
Hetherington & Jones (1992)  Spring and Autumn  n. s.   
E. nitens &  E. 
globulus 
Griffin et al. (1993) Autumn   
Spring  
2 -17  Soil drench 
Foliar spray 
E. nitens  Moncur (1994)  Autumn   n. s.  Stem injection & soil drench 
E. nitens  Moncur & Hasan (1994)  Autumn   1-2  Soil drench 
E. nitens  Moncur et al. (1994) Spring  &   
Autumn  
n. s.  Soil drench, 
Stem injection & soil drench 
E. globulus  Hasan & Reid (1995)  Autumn   5-6 months  Two foliar sprays (two weeks apart) 
E. nitens  Williams et al. (1999)  Autumn   n. s.   
E. nitens  Jones et al. (2000)  Spring   1-2  Soil drench 
E. cloeziana &  
C. citriodora 
Lott (2002)  Spring and Autumn  2.5  Soil drench 
E. nitens  Williams et al. (2003)  Autumn   2.5 – 3.5  Soil drench 
1. n. s. – age not stated 
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6.2. Methods and Materials 
 
6.2.1. Trees 
Two experiments were conducted, both at an orchard site at Pinjarra (100 km south 
of Perth, Western Australia). The site had been planted with clones raised in vitro. 
The trees at the start of the experiment (June 2000) were four years old (including 
two years in pots) and were growing in sandy soil on flat land that was regularly 
slashed and weeded (Figure 6.1).  
 
 
Figure 6.1. Pinjarra orchard trees of Eucalyptus marginata clones as at March, 
2001, following the fire of December, 2000. At the far end of the row some burnt 
trees can be seen. Scale = 500mm. 
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The trees were drip-irrigated twice per week from the time of planting. There were 
problems with the irrigation system, but from the spring of 2001, the system 
appeared to be functioning correctly. Thirty-five clones were planted at random 
within each of 50 blocks. Thus each of the 35 genotypes was replicated randomly 50 
times within the orchard. All trees were given 200 g of Baileys plant pills (Di-
ammonium phosphate) when planted at the age of two years. Trees were planted at 
three metre intervals with the rows approximately five metres apart. All trees were 
measured for height and trunk circumference (at 10 cm above the ground), with 
flowering details, deaths and replants being recorded, before choosing 10 clones with 
good survival records and growth rates, and varying flowering capabilities for the 
two experiments. At the start of the experiment some clones had not flowered while 
others had flowered once. Treatments were randomised between blocks. 
 
6.2.2. Application technique 
The paclobutrazol was applied as a collar drench in the form of ‘Cultar’ (250 g a.i./l) 
by mixing the amount required in one litre of water and applying in a shallow moat 
under the canopy of the tree. Care was taken to apply the paclobutrazol when soil 
conditions were already moist (either from rainfall or prior irrigation) to ensure 
availability of the paclobutrazol to the tree. Trunk circumference for trees with more 
than one stem arising from ground level (mallees) was calculated by calculating the 
total cross-sectional area at ten centimetres above the ground and converting this 
figure to a circumference measurement. 
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6.2.3. Dose and time of application  
The first experiment tested three doses of paclobutrazol and three application times 
of the year, using five clones (1J30, 29B48, 52C25, 57C72, 91J29), with five repeats 
of each treatment. The three doses tested were control, 0.4 g a.i./cm circ. (grams of 
active ingredient per centimetre of trunk circumference measured at ten centimetres 
above ground level), and 0.8 g a.i./cm circ., and the three application times tested 
were June, September 2000 and April 2001. Soil conditions were moist during the 
June and April dosings, the September dosing was conducted during dry weather. 
The trees were given 20 litres of water, applied slowly from a bucket, just before 
being dosed.  
 
6.2.4. Paclobutrazol application with the addition of fertilizer 
The second experiment tested the addition of fertiliser with three doses of 
paclobutrazol, using an additional five clones (25B40, 141E75, 163J45, 189C39, 
700F50) with five repeats of each treatment. There were two levels of fertiliser, 
control, and 200 g Baileys plant pills (Di-ammonium phosphate) applied in 50 g 
pellets on four sides of the tree approximately 200 mm from the base of the trunk in 
July 2000. The paclobutrazol was applied in September 2000. The three levels of 
paclobutrazol used were the same as for the first experiment. The arrangement of 
blocks and clones was random.  
 
6.2.5. Monitoring 
Plants were monitored every three months for three years for leaf length, tree height 
and every six months for trunk circumference. Leaf length was estimated using two 
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every spring followed by assessment of fruit numbers and seed viability for the next 
two years. Bud numbers were estimated by counting the numbers of buds per umbel 
for twenty umbels on each tree, then counting the total number of umbels. For trees 
that contained a large number of umbels, one main branch was counted, and then this 
figure multiplied for the number of branches flowering on the tree. Measurements 
began at the time of application. Numbers of capsules were estimated similarly to the 
numbers of buds in trees that had many capsules, and counted individually in trees 
with few capsules. Viable seed numbers were estimated by picking 50 capsules from 
each tree, allowing the capsules to dry and open, and the seeds counted and tested for 
viability using the methods outlined in Chapter 4. In trees that did not contain 50 
capsules, all capsules were used. 
 
6.2.6. Wild fire 
In December 2000, an uncontrolled wild fire spread through approximately one 
quarter of the orchard, killing approximately half of the burnt trees. This affected 
30% of the area used for the experiment. The affected trees were removed from the 
analysis, reducing the number of replicates in some instances from five to three. 
Where possible, trees were replaced with others, for the control dose, and for the 
April treatment. Measurements were continued on the surviving fire-affected trees, 
and a comparison made during the analysis.  
 
6.2.7. Analysis 
Measurements were recorded and analysed using a three-way repeated measures 
analysis of variance (ANOVA) in Statistica (Statsoft, 1999). The significance level 
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were evaluated after correcting the degrees of freedom using the relevant 
Greenhouse-Geiser epsilon (Statsoft, 1999). The experimental design involved 
factors of place within the orchard (whether or not the tree was subject to prevailing 
winds), the effect of the unplanned fire (25% of the trees in 33% of the blocks were 
affected), and the time the measurement was taken (the repeated measures factor). 
The dependent variables were bud, fruit and viable seed numbers, leaf length and tree 
height and tree girth. The overall design was not balanced because of the unplanned 
impact of the fire, so complete subsets of the design were analysed to test hypotheses 
of interest (Milliken and Johnson, 1992). 
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Table 6.2. Tests conducted during analysis. 
Hypothesis  Test  Appendix I reference 
1. Difference between clone/treatment/time on tree height (6 
measurements) 
4 way repeated measures ANOVA  Table A6.1 
  Greenhouse-Geiser epsilons for 1.  Tables A6.2, A6.3, A6.4 
2. Difference between treatment/height (9 measurements)  2 way repeated measures ANOVA  Table A6.5 
3. Difference between time/height (9 measurements)  2 way repeated measures ANOVA  Table A6.6 
4. Difference between clone/treatment/time/leaf length (6 
measurements) 
4 way repeated measures ANOVA  Table A6.7 
  Greenhouse-Geiser epsilons for 4.  Tables A6.8, A6.9 
5. Difference between clone/treatment/leaf length (9 measurements) 3 way repeated measures ANOVA  Table A6.10 
  Greenhouse-Geiser epsilon for 5.  Table A6.11 
6. Difference between time/place/leaf length (9 measurements)  3 way repeated measures ANOVA  Table A6.12 
  Greenhouse-Geiser epsilons for 6.  Table A6.13, A6.14 
7. Difference between clone/treatment/fertiliser/leaf length (8 
measurements) 
4 way repeated measures ANOVA  Table A6.15 
  Greenhouse-Geiser epsilons for 7.  Tables A6.16, A6.17, A6.18 
8. Effect of different places in the orchard/leaf length  2 way repeated measures ANOVA   
9. Difference between clone/treatment/time/girth (3 measurements)  4 way repeated measures ANOVA  Table A6.19 
  Greenhouse-Geiser epsilon for 8.  Table A6.20 
10. Difference between clone/treatment/time for the log
10 bud 
production (2001) 
3 way ANOVA  Table A6.21 
11. Difference between clone/treatment/time for the log
10 bud 
production (2002) 
3 way ANOVA  Table A6.22 
12. Difference between clone/treatment/time for the log
10 capsule 
production (2002) 
3 way ANOVA  Table A6.23 
13. Difference between clone/treatment/time for the log
10 seed 
production (2002) 
3 way ANOVA  Table A6.24  
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Table 6.2 (continued)    
14. Difference between clone/treatment/fertiliser for the log
10 bud 
production (2001) 
3 way ANOVA  Table A6.25 
15. Difference between clone/treatment/fertiliser for the log
10 bud 
production (2002) 
3 way ANOVA  Table A6.26 
16. Difference between clone/treatment/fertiliser for the log
10 
capsule production (2002) 
3 way ANOVA  Table A6.27 
17. Difference between clone/treatment/fertiliser for the log
10 seed 
production (2002) 
3 way ANOVA  Table A6.28 
18. Difference between clone/treatment/place in orchard for the 
log
10 seed production (2002) 
3 way ANOVA  Table A6.29 
19. Difference between fire affected and non-fire affected trees on 
log
10 bud production (2002) 
1 way ANOVA  Table A6.30 
20. Difference between fire affected and non-fire affected trees on 
height measurements 
2 way repeated measures   Table A6.31 
  Greenhouse-Geiser epsilon for 19.  Table A6.32 
21. Difference between fire affected and non-fire affected trees on 
leaf length 
2 way repeated measures ANOVA  Table A6.33 
  Greenhouse-Geiser epsilon for 20.  Table A6.34                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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6.3. Results 
 
The spring and summer of 2002 was extremely dry, and the trees dropped practically 
all of their buds before anthesis, so no fruit or seed numbers were available for that 
season. The paclobutrazol did not induce the trees to hold their buds in the very dry 
weather.  
 
6.3.1. Tree height, leaf length and tree girth.  
 
6.3.1.1. Tree height 
Leaf length, tree circumference and tree height did not show major variation after the 
paclobutrazol application, but some tests for these were significant. Generally, the 
inclusion of the fire-affected trees did not significantly change the results, except 
when place in the orchard was considered. This was because the burnt area was 
situated in the more protected section of the orchard. Tree height and leaf length was 
most affected by the fire. 
 
Time and Dose Trial. 
A 4-way repeated measures ANOVA (clone/paclobutrazol treatment/time of 
application/repeated height) on the last six tree height measurements (from April 
2001 to June 2002) found that paclobutrazol had a significant effect in reducing the 
height growth of the trees, with the April dosing time being the most effective when 
considered with the repeated height measures (p < 0.001 after Greenhouse-Geiser, 
see Appendix I, Table A6.1, Table A6.2, Figure 6.2). There was a significant 
interaction between the paclobutrazol treatment, the time of application and the                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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repeated height measurements (p < 0.02 after Greenhouse-Geiser, see Appendix I, 
Table A6.3), with the high dose being the most effective (Figure 6.2), and still 
discernable nine months after the application, indicating that the paclo dose and the 
time of application together had a significant effect on the height of the trees. This 
interaction subsumes interactions with the same factors but less of them, such as the 
interaction between the time of application and the repeated height measurement. 
Another interaction between clone, paclobutrazol treatment and the repeated height 
measurements was also significant after Greenhouse-Geiser (p = 0.001, see 
Appendix I, Table A6.4), indicating that while clone was a significant factor when 
considered alone, the clones differed in their response to the paclobutrazol treatment. 
When all nine height measurements were included (from June 2000 to June 2002) 2-
way repeated measures ANOVAs testing paclobutrazol treatment/height and time of 
application/height found no significant differences after Greenhouse-Geiser, except 
for the growth of the trees (see Appendix I, Tables A6.5, A6.6), indicating that the 
effect of the paclobutrazol was more pronounced several months after the 
application. 
 
Fertiliser trial. 
The effect of paclobutrazol on height was not clear in the trial with fertiliser. No 
overall conclusions can be drawn as the response of the trees depended on the 
position in the orchard. For example the addition of fertiliser with the high dose 
paclobutrazol decreased the tree height, except in the better parts of the orchard, 
where the tree height was increased. The overall mean height was also compromised 
by the inclusion of clone 700F50 (see section 6.3.4.). 
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Figure 6.2. Effect of high and low doses of paclobutrazol on tree height of 5 
Eucalyptus marginata clones applied (a) June 2000, (b) September 2000 and (c) 
April 2001.    control,     low dose,     high dose. 
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6.3.1.2. Leaf length. 
Time and dose trial 
A 4-way repeated measures ANOVA was conducted on leaf measurements made 
from April 2001 to June 2002, and found significant differences between clone, 
paclobutrazol treatment, time of application and the repeated leaf length (see 
Appendix I, Table A6.7, Figure 6.3, 6.4). An interaction between clone/paclobutrazol 
treatment and repeated leaf length was significant after Greenhouse-Geiser (p < 0.02, 
see Appendix I, Table A6.8). This is because clones differed in their response to the 
paclobutrazol treatment, but in the later measurements, the high paclobutrazol dose 
was more effective in reducing leaf length. Interaction between time of application 
and the repeated leaf length was also significant after Greenhouse-Geiser (p < 0.02, 
see Appendix I, Table A6.9, Figure 6.3).  
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Figure 6.3. 2-way ANOVA showing interaction between time of application of 
paclobutrazol and repeated leaf lengths. Time G_1:1 - June 2000 application, 
G_2:2 - September 2000 application, G_3:3 - April 2001 application. 
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Figure 6.4. Changes in leaf length in Eucalyptus marginata clones after 
treatment with paclobutrazol in (a) June 2000 application, (b) September 2000 
application, and (c) April 2001 application. 
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Figure 6.4 shows that the control paclobutrazol treatment leaf length varied 
according to the season while the low and high paclobutrazol treatments showed an 
increase followed by a steady decrease in leaf length. Clone 91J29 dropped its leaves 
when stressed by hot, dry weather, and the new leaves produced were very short, and 
this affected the analysis.  
 
When all leaf length measurements were included, a 3-way repeated measures 
ANOVA was conducted using the factors of clone, paclobutrazol treatment and the 
repeated leaf lengths. A significant interaction was found between the three factors 
clone, paclobutrazol and leaf length (p < 0.01 after Greenhouse-Geiser, see Appendix 
I, Table A6.10 and Table A6.11). This was largely because of the overall drop in leaf 
length soon after the June 2000 treatment, with the onset of the drier weather after 
the winter rains had finished (Figure 6.4). Clones also differed in their response to 
the paclobutrazol treatment, but the high dose was more effective in the later 
measurements than the low dose, which was in turn more effective than the control 
treatment. A 3-way repeated measures ANOVA was conducted using the factors of 
time of application, place in the orchard and the repeated leaf lengths (Appendix I, 
Table A6.12) and found that the interaction between time of application and leaf 
length after Greenhouse-Geiser was significant (p < 0.05, see Appendix I, Table 
A6.13). The first three measurements involved a lowering of leaf length in all 
application times, which affected the analysis. The interaction between place in the 
orchard and leaf length was significant after Greenhouse-Geiser (p < 0.001, see 
Appendix I, Table A6.14) indicating that the more protected place in the orchard 
reduced the leaf length more than the exposed parts.  
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Fertiliser trial 
A 4-way repeated measures ANOVA was conducted on all leaf measurements testing 
the interaction of clone, paclobutrazol treatment, fertiliser treatment and the repeated 
leaf lengths (Appendix I, Table A6.15). There was a significant difference between 
clone and leaf length (p < 0.02 after Greenhouse-Geiser, see Appendix I, Table 
A6.16), and a significant reduction in leaf length with the high and low paclobutrazol 
doses in the fertiliser trial (p < 0.001 after Greenhouse-Geiser, see Appendix I, Table 
A6.17, Figure 6.5).  
PACLO:
G_1:1
PACLO:
G_2:2
PACLO:
G_3:3
Plot of Means (unweighted)
2-way interaction
F(14,735)=5.48; p<.0000
Leaf Length Measurements
L
e
a
f
 
L
e
n
g
t
h
 
(
c
m
)
9.0
9.5
10.0
10.5
11.0
11.5
12.0
Sep 2000
Dec 2000
March 2001
June 2001
Sep 2001
Dec 2001
March 2002
June 2002
Figure 6.5. Leaf length measurements in 5 Eucalyptus marginata clones with 
three paclobutrazol treatments and two fertiliser treatments. Paclo G_1:1 = 
control treatment, Paclo G_2:2 = low dose paclobutrazol, Paclo G_3:3 = high dose 
paclobutrazol. 
 
The interaction between paclobutrazol treatment, fertiliser treatment and leaf length 
was also significant after Greenhouse-Geiser (p < 0.03, see Appendix I, Table                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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A6.18), subsuming the interaction between the paclobutrazol dose and leaf length, 
and indicating that the addition of fertiliser had a significant effect on the leaf length 
when considered with the paclobutrazol dose. This also indicates that the 
paclobutrazol application may have been effective in the longer term, even though it 
was applied during dry weather and the effects were slow in acting, and that the 
fertiliser may have increased the effects of the paclobutrazol. Place in the orchard 
was not found to be a significant factor in a 2-way repeated measures ANOVA 
testing place in the orchard with leaf length. 
 
6.3.1.3. Tree girth  
Time and dose trial and fertiliser trial. 
A 4-way repeated measures ANOVA was conducted using the girth measurements 
from March 2001 to March 2002 (see Appendix I, Table A6.19). There were 
significant differences between clones in girth measurements (p<0.001 after 
Greenhouse-Geiser, see Appendix I, Table A6.20), but no difference could be 
demonstrated between either the paclobutrazol treatment or the control treatment 
after Greehouse-Geiser. Similar results were obtained for the fertiliser trial. Many of 
the clones had mallee growth with several trunks when the experiment started, which 
tended to reduce to two or three trunks as the monitoring progressed. 
 
6.3.2..Bud, capsule and viable seed numbers 
The differences between genotypes treated with paclobutrazol in the production of 
buds, capsules and viable seeds were the most significant variations seen (Figure 
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Figure 6.6. Effect of paclobutrazol treatment on viable seed numbers per tree 
produced by five different genotypes (with five replicates). Clones were treated in 
June 2000.      control treatment,    low paclobutrazol dose,    high paclobutrazol 
dose. Clone 57C72 failed to produce any viable seed. Vertical bars represent 
standard error.  
 
The June, 2000 (late autumn) application time was the most effective, particularly for 
viable seed numbers in one clone (52C25). The April 2001 dose also affected seed 
numbers in 2002, even though the buds had already appeared before the 
paclobutrazol was applied.  
 
The spring (September) dose was the least effective, being less effective than the 
control for production of viable seed (Figure 6.7). It was unfortunate that for the 
fertilizer trial, the paclobutrazol treatment was in September, when from the results 
obtained in the time of application trial, it would be expected to be least effective. 
 
The low dose of paclobutrazol had little effect on seed viability, but the high dose 
appeared to have some detrimental effect on seed viability (Figure 6.8), and the 
effect of fertiliser on seed viability was variable (Figure 6.9), with three out of five 
clones showing an increase in seed viability with the addition of fertiliser.                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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Figure 6.7. Effect of paclobutrazol treatment on viable seed numbers per tree, 
when treated at different times of the year using (a) low paclobutrazol dose and 
(b) high paclobutrazol dose on five genotypes.      Control,     April 2001 treatment,     
June 2000 treatment,      September 2000 treatment. Vertical bars represent standard 
error. 
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Figure 6.8. Effect of 3 levels of paclobutrazol on seed viability in 5 clones of E. 
marginata (2002).      Zero dose,     low paclobutrazol dose,      high paclobutrazol 
dose. Trees were treated in June 2000, and seed numbers scored in September 2001. 
Vertical bars represent standard error. Columns without bars are data from a single 
tree. 
 
0
10
20
30
40
50
60
70
80
90
100
25B40      141E75      163J45      189C39      700F50
S
e
e
d
 
V
i
a
b
i
l
i
t
y
 
(
%
)
Clone  
Figure 6.9. Mean effects of fertiliser without paclobutrazol treatment on seed 
viability in 5 clones of E. marginata. (2002).    Without fertiliser,      with fertiliser. 
Vertical bars represent standard error. Columns without bars are data from a single 
tree. 
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Time and dose trial 
 A 3-way ANOVA was undertaken with the factors of clone, paclobutrazol treatment 
and time of application for flower production in the season of 2001 (see Appendix I, 
Table A6.21). Flower production showed significant variation between the clones (p 
< 0.001, Table A6.21). Further 3-way ANOVAS were conducted to test the 
interaction of clone, paclobutrazol treatment and time of application for bud, capsule 
and viable seed production in the season of 2002. The April 2001 application of 
paclobutrazol was most effective for several clones in increasing viable seed 
numbers in the 2001 flowering season, and the September application the least 
effective (p < 0.05, Table A6.24) , subsuming the effect of clone alone. No difference 
was seen in trees treated with either dose of paclobutrazol or the control for flower 
production in 2001. In the 2002 flowering season, bud numbers again varied 
significantly between clones (p < 0.001, see Appendix I, Table A6.22) but difference 
between the high and low paclobutrazol doses was also highly significant (p < 0.001, 
Table A6.22), indicating that the paclobutrazol did not have an effect on bud 
production for the season of 2001. The time of application for 2002 bud production 
approached significance (p < 0.08, Table A6.22) with the April treatment having the 
most effect.  
 
Differences between clones were also very significant for capsule and seed 
production (p < 0.001, see Appendix I, Table A6.22, Table A6.24). A significant 
interaction between clone/paclobutrazol treatment (Table A6.23) in capsule 
production was because of the differing response to the paclobutrazol treatment by 
different clones. Only clone 52C25 consistently produced seed from all five ramets,                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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while only one or two individual trees from the other clones produced seed (Figure 
6.6). This means that the significant results for time of application (p < 0.04, Table 
A6.24) are relevant only for clone 52C25. Place in the orchard was not significant for 
capsule or seed production. 
 
Fertiliser trial 
Bud, capsule and seed production in the fertiliser trial also showed significant 
differences between clones (p < 0.001, see Appendix I, Tables A6.25, A6.26, A6.27, 
and A6.28). Interactions were complex in this trial, probably because the time of 
application, or the soil moisture at the time of application was not appropriate 
(Figure 6.10). Bud, capsule and seed production were affected significantly by the 
place in the orchard when other factors such as clone, paclobutrazol dose and 
fertiliser dose were considered as well. There was no significant difference between 
the control, low and high paclobutrazol doses in bud production for 2001, but in 
2002 the low dose was more effective for four of the five clones used (p < 0.02 when 
considered with clone and treatment, see Appendix I, Table A6.26). This indicates 
that the paclobutrazol had no effect on bud production in the season of 2001. 
 
Clone 25B40 was the most reliable seed producer amongst the clones used in the 
fertiliser trial, with two other clones (141E75, 700F50) producing moderate 
quantities of seed. When clone/paclobutrazol dose/place in orchard were considered 
together, the trees on drier sites, more exposed to wind, with the high paclobutrazol 
dose showed less seed production compared to the control trees, whereas trees in 
better places in the orchard with the high paclobutrazol treatment increased seed 
production (by more than sixfold for clone 25B40, while for the other clones there                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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was little difference). However no significant effect was observed with the analysis 
except clone (p < 0.001, see Appendix I, Table A6.29). The poorer orchard position 
with the high paclobutrazol dose increased capsule production for clone 25B40, but 
the capsules often had no viable seeds.  
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Figure 6.10. Effect of fertiliser and low dose paclobutrazol (applied in spring) on 
viable seeds per tree in five E. marginata clones.    Without fertiliser,      with 
fertiliser. Vertical bars represent standard error. 
 
6.3.3. Effects of fire 
The fire had surprisingly little effect on the production of viable seed from surviving 
trees during the next twelve months after the fire, and on leaf length and girth. Some 
survivors grew rapidly in height following the fire, with a corresponding reduction in 
bud, capsule and seed production, but most trees produced some seed. When the 
analysis included all trees in the orchard and then repeated with only the non-fire 
affected trees there was generally little difference observed. The fire of December 
2000 also had little effect on bud numbers produced in 2002. A one-way ANOVA 
testing the effect of the fire on bud production in the season of 2002 did not find a 
significant difference between fire-affected trees and non-fire affected trees (p < 0.3,                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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see Appendix 1, Table A6.30). A two way ANOVA on tree height found that the fire 
had a significant effect on tree height (p < 0.05 after Greenhouse-Geiser, see 
Appendix I, Tables A6.31, A6.32). This is because surviving trees grew rapidly after 
the fire. A two-way ANOVA testing the effect of the fire on leaf length found a 
significant interaction between the fire and leaf length (p < 0.02 after Greenhouse-
Geiser, see Appendix I, Tables A6.33, A 6.34), because the leaf length increased in 
the new leaves produced in survivors following the fire.. 
 
6.3.4. Clone 700F50 
One of the clones used in the fertiliser trial, 700F50, was more vigorous than any of 
the others, and was often approximately twice as tall as other clones in the orchard. 
The juvenile leaves were more rounded than is normal for jarrah juvenile leaves, and 
although the buds looked like Eucalyptus marginata buds, the capsules had a thinner 
rim. The seeds were smaller than normal E. marginata seeds (as determined in 
Chapter 4), and it is thought that this clone may be a hybrid of E. marginata and E. 
patens. It was left in the analysis, but because of the extra height of this clone, it 
affected the height analysis for the fertiliser trial. 
 
6.4. Discussion 
 
Paclobutrazol had a positive effect on viable seed production in some of the young 
orchard trees treated in this experiment. Although interactions between the 
paclobutrazol, nutrient status, moisture conditions and the clones were sometimes 
complex, this work has shown that the viable seed production can be increased at 
least in some clones by ensuring that nutrient and moisture levels are appropriate for                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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the paclobutrazol treated trees. It should be stressed that the paclobutrazol treated 
trees, despite being kept irrigated twice a week, still dropped their buds prior to 
anthesis in the dry spring of 2002, indicating that environmental factors are a 
stronger influence on flowering patterns in Eucalyptus marginata than paclobutrazol.  
 
The late autumn treatment (June) showed the best results for viable seed production. 
However, the April treatment (autumn) also saw a significant increase in seed 
production, even though the buds had already appeared in the leaf axils several 
months before the trees were treated. The September treatment was detrimental to the 
production of viable seed overall, compared to the control, but if the trees had 
flowered in 2002 better seed production may have been obtained. The paclobutrazol 
was apparently slow acting since no effect was seen in bud production for 2001, 
supporting findings by Hetherington et al. (1992). 
 
Differences between clones were also very significant for capsule and seed 
production (p < 0.001, also noted in Chapter 4), since individual variation between 
genotypes led to differences in the amount of seed produced. Differences between 
clone were significant in almost every test conducted, and appear to outweigh the 
effect of the paclobutrazol treatment on the trees. 
 
Most other eucalypts that have been treated with paclobutrazol were cool temperate 
species that naturally have more soil moisture, and often have more soil nutrients 
(Lott, 2002; Williams et al., 2003). It is possible that in the hotter, drier and nutrient-
poor environment of E. marginata paclobutrazol has less effect. The position of the 
tree in the orchard did not have a significant effect on the trees treated with                      Chapter 6. The Use of Paclobutrazol to Promote Flowering and Fruiting 
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paclobutrazol for seed production, except when other factors were considered as 
well, such as clone, paclobutrazol dose and the addition of fertiliser. However, some 
tests indicated that a more protected position in the orchard increased the effects of 
the paclobutrazol treatment. Leaf length was reduced further in the more protected 
places in the orchard in trees that had been treated with paclobutrazol in the 
time/dose trial but not in the fertiliser trial (where the paclobutrazol had less of an 
effect). Providing more wind protection for the trees may be an important 
management tool. 
 
There are several other variables that may have influenced the effect of paclobutrazol 
in this experiment. Root development in the trees used was questionable. It was 
suspected that the trees were root-bound when planted out, since roots were 
sometimes observed to be growing around the trunk, and several of the trees used in 
these experiments fell over during the monitoring period. Trees in the orchard often 
grew multiple trunks, and the tissue culture process of propagation had difficulty in 
promoting vigorous root growth (McComb et al., 1996). Finally the method of 
application may have been inaccurate and delivered varying amounts of 
paclobutrazol to different trees, depending on how much paclobutrazol actually 
reached the roots and was translocated into the tree, particularly when the application 
was made during dry weather. Although 20 litres of water was poured around the 
trunk before application, there was no quantification of how deeply the water soaked 
into the soil, nor was any measurement made of how far the paclobutrazol went 
down into the root system. Perhaps a more measurable method of application may be 
foliar spray, although this would present problems in larger trees.  
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The fire had surprisingly little effect on seed production, with or without the 
application of paclobutrazol. It did significantly affect the height of the affected 
surviving trees, since they often re-sprouted and grew upwards very quickly, and it 
affected leaf length for several months. The analysis indicates that the paclobutrazol 
continued to be effective in trees that survived the fire for tree height, leaf length and 
seed numbers. 
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Chapter 7. Phylogenetic study of the nuclear DNA of Eucalyptus 
marginata 
 
7.1. Introduction 
 
When bringing a species into domestication, it is important to harness its most 
desirable characteristics, such as growth and fertility traits, as well as resistance to 
pathogens. It is also important to maintain as much of the genetic diversity present 
within the species, particularly if breeders are using clonal material, while taking into 
account the genetic structure present within the existing distribution. This may assist 
in determining which part of the natural distribution can be used for collection of 
germplasm, for regeneration or forestry purposes. The emphasis on improving 
performance traits such as height, form, and fruit production in some eucalypt 
species, including the use of clonal material, has sometimes led to inbreeding 
problems in plantation or orchard situations (Hardner and Potts, 1995b; Hardner and 
Tibbits, 1998; Moran et al., 1989). The natural breeding system of several eucalypt 
species includes a significant percentage of viable seed that has originated from 
inbreeding, largely due to a mixed mating system where mating can occur between 
close relatives within neighbourhoods (Moran et al., 1989). When intensive selection 
reduces the genetic diversity within orchard populations significant levels of selfing 
can lead to inbreeding depression, despite the ability of natural populations to 
tolerate some inbreeding without showing deleterious effects (Hardner and Tibbits, 
1998). Inbreeding depression has been observed in Eucalyptus nitens (Hardner and 
Tibbits, 1998) E. globulus ssp. globulus (Hardner and Potts, 1995a), and E. regnans                Chapter 7. Phylogenetic study of the nuclear DNA of Eucalyptus marginata 
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(Hardner and Potts, 1997) for characters such as growth traits and survival. The 
problem can possibly be overcome by increasing outcrossing rates in orchards in 
order to maximise gains from breeding (Moran et al., 1989).  
 
Long term regeneration concerns must include the conservation of genetic resources 
within individual species as well as species diversity (Moran et al., 2000). There is 
limited information on how silvicultural regimes or regeneration practices are 
affecting the native gene pool. The contamination of native eucalypt gene pools from 
pollen originating from other species, selectively bred trees, or from genetically 
modified trees is also a conservation concern (Potts et al., 2003). This can occur 
when planted populations, such as roadside trees or improved trees from farm-
forestry plots are within pollinating distance from native populations, and the trees 
are within the same subgenus. Genetic pollution through introgression can be 
responsible for the extinction of a rarer subspecies being subsumed into the more 
common main species type, and has been implicated in the loss of several wild 
relatives of domestic crops such as rice and cotton (Potts et al., 2003). Since 
eucalypts have been widely observed to have weak reproductive barriers, with more 
than 10% of native species considered to be of hybrid origin (Potts et al., 2003), 
genetic pollution through introgression could be a major threat to the conservation of 
native species. 
 
Eucalypt species can be morphologically diverse and there are many species where 
morphological variation is not completely defined and in these cases taxa are usually 
recognised as subspecies. There is some morphological variation within Eucalyptus                Chapter 7. Phylogenetic study of the nuclear DNA of Eucalyptus marginata 
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marginata -Donn ex Smith and three subspecies have been recognised. Brooker and 
Hopper (1993) described Eucalyptus marginata ssp. marginata that occurs through 
the majority of the distribution and is typically a tall, upright tree with dark green 
leaves. Eucalyptus marginata ssp. thalassica has a weeping habit with blue/green 
leaves and occurs in the northern part of the distribution in the Darling Range clays. 
Eucalyptus marginata ssp. elegantella is a small, compact tree with small, narrow, 
olive/green leaves that is found on the Swan coastal plain, often on granitic clays 
(Fig. 7.1). Foresters also recognise an informal distinction between the northern and 
southern forests (Fig. 7.1), claiming that the southern trees have thicker, dark green 
leaves and a more upright habit. However, morphological differences are not always 
good indicators of genetic differentiation at lower taxonomic levels and the degree of 
morphological and genetic difference between taxa is not always congruent. 
Investigations of genetic relationships between subspecies in two eucalypt species 
with widespread distributions in Western Australia, E. kochii and E. loxophleba have 
shown little genetic differentiation between the taxa (Byrne, 1999; Hines and Byrne, 
2001). In contrast, assessment of genetic relationships in a species complex with 
restricted distribution, E. occidentalis, showed differentiation between two 
subspecies that was more consistent with species rank for these taxa (Elliot and 
Byrne, 2003b). 
 
Sustainable management of forest ecosystems is informed by knowledge of the level 
and structuring of genetic diversity within species. Breeding and selection of 
Phythophthora cinnamomi resistant clones in Eucalyptus marginata should aim to 
capture a broad base of genetic diversity to ensure that they are representative of the                Chapter 7. Phylogenetic study of the nuclear DNA of Eucalyptus marginata 
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species. Deployment of improved seed in rehabilitation and revegetation also needs 
to account for patterns of genetic diversity within the species. This study investigated 
the level and structuring of genetic diversity within the nuclear genome of E. 
marginata in order to provide a basis for the informed breeding and deployment of 
genetically improved seed. In addition the genetic relationships and degree of 
differentiation between the three subspecies of E. marginata were assessed. 
 
 subsp. thalassica
 subsp. marginata
1
2
3
4
5
6
7
8
9
10 11
12
13 14
15
Map area
PERTH
Bunbury
Albany
Scale
0 100 200 km
 
Figure 7.1. Collection locations, distribution for subspecies, northern and 
southern areas of distribution of Eucalyptus marginata. Numbers correspond to 
populations listed in Table 7.1, dotted line represents the separation of the northern 
and southern distributions recognised by foresters. 
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7.2. Materials and Methods 
 
7.2.1. Plant material 
Fifteen populations were selected from throughout the range of Eucalyptus 
marginata, including 2 outlying populations, 14 and 15 (Figure 7.1). A population of 
a closely related species, E. staeri (Maiden) Kessell & C.A.Gardner was also 
included from the Mount Frankland locality. Leaf samples from 10 individuals from 
each population were collected. Individuals selected were most often regrowth from 
earlier logging, thus most were old trees, with the minimum requirement being a 
diameter at chest height of 30cm. Samples were collected from trees at least ten 
metres apart, and were often more than thirty metres apart. One member from each 
population was lodged as a pressed herbarium specimen in the West Australia 
Herbarium. The DNA was extracted as outlined in Byrne et al. (1998), with the 
addition of sodium sulfite in the extraction buffer (Byrne et al., 2001), then were 
digested with two enzymes, BglII and EcoRV, Southern blotted, and hybridised with 
30 amplified RFLP nuclear probes from the eucalypt genetic linkage map (c092, 
c113, c115, c116, c135, c136, c170, c238, c299, c333, c395, c411, c451, g059, g067, 
g086, g095, g099, g142, g154, g174, g183, g195, g233, g243, g250, g256, g261, 
g425, g474), (Byrne et al., 1995). Restriction digestion and hybridisation were 
conducted according to Byrne and Moran (1994) and the probe plasmids were 
amplified and labelled with 
32P by the random priming method. 
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7.2.2. Data Analysis 
The banding patterns were interpreted according to a Mendelian multi-allelic model. 
Allelic diversity parameters and tests for homogeneity of allelic frequency 
distribution among populations were calculated using GDA (Lewis and Zaykin, 
2001). Gene diversity parameters were calculated according to Nei (1972) using 
FSTAT (Goudet, 2001). Inbreeding and genetic differentiation measures were 
calculated according to Weir and Cockerham’s (1984) estimates, which are unbiased 
for small sample sizes, using FSTAT (Goudet, 2001). Confidence intervals were 
estimated by bootstrapping over all loci 1000 times. A hierarchical cluster analysis 
was carried out using UPGMA based on unbiased genetic distances using GDA 
(Lewis and Zaykin, 2001) and in PHYLIP (Felsenstein, 1993) with the significance 
of nodes assessed by bootstrapping with 100 replications. A phylogenetic analysis 
was undertaken using the continuous character maximum likelihood method (contml) 
program in PHYLIP (Felsenstein, 1993) and a consensus tree following 
bootstrapping over loci 100 times was produced. Regression of population 
differentiation against geographical distance was calculated and tested for 
significance using a Mantel randomisation test (Mantel, 1967) to test for isolation by 
distance. The residuals of the regression were also tested for significant association 
with geographic distance.  
 
7.3. Results 
Twenty-six of the 30 probes produced interpretable fragment patterns that were 
scored using an allele/locus model. Three probes detected four loci that were 
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monomorphic. The number of alleles detected at a single locus ranged from one to 
16, with the maximum number of alleles at any one population being ten. The 
distribution of alleles showed similar proportions of common and rare alleles. The 
proportion of rare alleles (frequency < 0.1) was similar between populations, ranging 
from 26.5% to 38.3%, except for the Jilakin Rock population that had a lower 
proportion of rare alleles (15%). The proportion of common alleles (frequency > 0.5) 
ranged from 25.9% to 32.4%, except for the Jilakin Rock population where the 
frequency was slightly higher (38.3%).  All populations except Jarrahdale and 
Welshpool Road contained unique alleles (i.e. present in only one population), with 
Nannup containing the most unique alleles at 5.9% of its total alleles. All unique 
alleles were also rare alleles.  
 
Allelic diversity measures were moderate in Eucalyptus marginata (mean A = 2.7, 
mean P = 67.1%; Table 7.1). The values for the mean number of alleles per locus 
(A), and the mean number of polymorphic loci (P) were similar across populations 
with the highest allelic diversity occurring at Nannup, and the lowest at the outlier, 
Jilakin Rock. Observed heterozygosity (Ho  = 0.298), and the Hardy-Weinberg 
expected panmictic heterozygosity (He = 0.332) were also moderate and generally 
similar across populations (Table 7.1). Total diversity was also moderate (HT  = 
0.345) but somewhat lower than that found in comparative studies of other eucalypts 
(Table 7.2), such as the E. loxophleba complex (HT = 0.418, Hines and Byrne, 2001) 
and  E. kochii (HT  =0.514, Byrne, 1999). The majority of this diversity was 
maintained within populations (Gst = 3.1%). The mean inbreeding co-efficient (FIS), 
was variable across populations. Some populations, such as Yanchep and                Chapter 7. Phylogenetic study of the nuclear DNA of Eucalyptus marginata 
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Dwellingup showed an inbreeding co-efficient not significantly different from zero, 
while others, such as the outlier Katanning, and Mundaring State Forest have 
inbreeding co-efficients that were high and significantly different from zero (Table 
7.1).  
 
The level of differentiation between populations was low (θ = 0.034), and not 
significantly different from zero. This is similar to other continuously distributed 
eucalypt species (Table 7.2). An analysis of population structure using an UPGMA 
showed strong bootstrap support (100%) for the distinction of E. marginata from its 
closest relative, E. staeri (D = 0.16, Figure 7.2). There was little structuring within E. 
marginata  and no separation of populations in the northern and southern forest 
regions. For each of the subspecies elegantella  and  thalassica, the populations 
clustered together but neither subspecies was distinct from the main subspecies 
marginata (Figure 7.2). Distances between the elegantella and thalassica subspecies 
populations and the remaining populations was low (D < 0.035). All nodes within the 
E. marginata clade had low bootstrap support. The phylogenetic analysis (Figure 
7.3) also showed little structuring within E. marginata, with all nodes having weak 
bootstrap support. Again the elegantella  subspecies and part of the thalassica 
subspecies populations clustered together, but were not distinct from subspecies 
marginata populations.  
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Table 7.1. Descriptive Genetic Diversity Parameters (Nei, 1977) for Eucalyptus 
marginata.  P is the mean number of polymorphic loci (0.99 criterion), A is the 
number of alleles per locus, He is the expected heterozygosity, Ho is the observed 
heterozygosity, and FIS is Wright’s inbreeding co-efficient. Standard errors are in 
parentheses. 
Population  A P  He  Ho F IS 
1. Yanchep  2.6 (0.3)  68  0.337 (0.055)  0.339 (0.062)  -0.008 (0.054) 
2. Beeliar  3.0 (0.4)  68  0.328 (0.056)  0.289 (0.050)  0.124 (0.032) 
3. Julimar Forest  2.6 (0.3)  68  0.330 (0.057)  0.293 (0.056)  0.117 (0.042) 
4. Mundaring State Forest  2.4 (0.3)  64  0.319 (0.057)  0.257 (0.052)  0.203 (0.062) 
5. Welshpool Rd  2.6 (0.3)  72  0.341 (0.057)  0.321 (0.057)  0.062 (0.037) 
6. Jarradale  2.9 (0.3)  75  0.341 (0.051)  0.293 (0.047)  0.148 (0.042) 
7. North Dandalup  2.9 (0.3)  68  0.347 (0.055)  0.321 (0.059)  0.078 (0.038) 
8. Dwellingup  2.8 (0.3)  68  0.339 (0.057)  0.326 (0.058)  0.041 (0.031) 
9. Collie  2.8 (0.3)  64  0.331 (0.057)  0.321 (0.059)  0.032 (0.028) 
10. Nannup  3.0 (0.3)  75  0.352 (0.056)  0.293 (0.048)  0.175 (0.033) 
11. Bridgetown  2.9 (0.3)  64  0.348 (0.058)  0.335 (0.062)  0.039 (0.033) 
12. Mount Frankland  2.8 (0.4)  64  0.327 (0.063)  0.294 (0.059)  0.106 (0.033) 
13. Perup Nature Reserve  2.9 (0.4)  68  0.329 (0.056)  0.282 (0.053)  0.149 (0.037) 
14. Katanning  2.6 (0.3)  61  0.318 (0.058)  0.254 (0.049)  0.211 (0.047) 
15. Jilakin Rock  2.2 (0.2)  61  0.291 (0.053)  0.258 (0.050)  0.121 (0.045) 
Mean 2.7 
(0.06) 
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Table 7.2. Genetic Diversity Parameters for Eucalyptus marginata and 6 other 
eucalypt species assayed using nuclear RFLP Analysis. F is the overall inbreeding 
co-efficient, θ is the co-ancestry co-efficient, ƒ is the degree of inbreeding within 
populations,  HT is the total heterozygosity, and GST  is the percentage of genetic 
diversity contained between populations. 95% confidence intervals are given in 
parentheses. 
 Species  F  θ  ƒ  HT G ST 
(%) 
E. marginata 0.137   
(0.081, 0.196) 
0.034  
(0.024, 0.043) 
0.107  
(0.046, 0.172) 
0.345 
 
3.1 
E. kochii
1   0.045  0.044    0.514  2.2 
E. loxophleba
2   0.089  0.046    0.418  3.8 
E. nitens
3    0.044    0.445 
 
16.2 
 
E. camaldulensis
4  0.095 
(0.068, 0.123) 
0.078 
(0.060, 0.100) 
0.019 
(-0.002, 0.038) 
0.53 
 
 
E. angustissima 
ssp
 angustissima
5 
0.235 
(0.151, 0.315) 
0.136 
(0.089, 0.184) 
0.114 
(0.039, 0.192)  
0.371 10.6 
E. occidentalis
6  0.088  
(0.045, 0.132) 
0.065 
(0.050, 0.081) 
0.025 
(-0.014, 0.067) 
0.373 5.9 
1. Byrne (1999), 2. Hines and Byrne (2001), 3. Byrne et al. (1998), 4. Butcher et al. 
(2002), 5. Elliot & Byrne (2003a), 6. Elliot and Byrne (2003b) 
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Figure 7.2. UPGMA Phenogram of Eucalyptus marginata.       Denotes Southern populations,      denotes Northern populations,         denotes 
outlying populations 
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Figure 7.3. Phylogenetic Tree using Continuous Character Maximum Likelihood Method.           Denotes southern populations,        denotes 
northern populations,          denotes outliers.
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Figure 7.4. The relationship between population differentiation and geographic 
distance for Eucalyptus marginata populations. 
 
Regression analysis (Figure 7.4) showed a significant correlation between population 
differentiation (θ) and geographic distance as assessed by a Mantel Test (r = 0.568, P 
= 0.001). Regression analysis of the residuals against geographic distance was not 
significant (r = -0.071, P = 0.000). 
 
7.4. Discussion 
 
Eucalyptus marginata showed moderate levels of genomic genetic diversity within 
populations, and showed similar levels between populations (Table 7.1). Diversity 
was lowest at the Jilakin Rock population, which is an outlier with low population 
numbers, but was not significantly lower. The level of total genetic diversity of E. 
marginata (Table 7.2) was less than for comparative non- disjunct species such as E.                Chapter 7. Phylogenetic study of the nuclear DNA of Eucalyptus marginata 
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loxophleba (Hines and Byrne, 2001), E. kochii (Byrne, 1999), but comparable to E. 
angustissima, a restricted species with limited, disjunct distribution in the far south 
of Western Australia (Elliot and Byrne, 2003a). The higher levels of diversity in the 
continuously distributed species appear to be due to high levels of rare alleles. In 
contrast,  E. marginata allele frequencies had a U-shaped distribution, with the 
frequencies of rare alleles being roughly equivalent to the frequencies of common 
alleles. This pattern was also found in a species with similar moderate levels of 
genetic diversity, E. occidentalis (Elliot and Byrne, 2003b), and is characteristic of 
allozyme studies where diversity is generally lower than that found using RFLP loci 
(Chackraborty et al., 1980). 
 
The level of genetic diversity was similar between populations except for the 
outlying population at Jilakin Rock, which showed lower, although not significant, 
diversity than the other populations. The Jilakin Rock population also had fewer rare 
alleles. The Nannup population had the highest number of alleles, but still only half 
the total alleles found within the species. The level of population differentiation was 
low, although it was significantly different from zero, and the majority of the 
diversity was maintained within populations with only 3.1% between populations. 
However, there was a significant correlation between population differentiation and 
geographic distance, indicating isolation by distance. This indicates that E. 
marginata has had stable conditions for long enough for isolation by distance to 
develop but not long enough for an equilibrium between gene flow and drift to 
become established (Hutchison and Templeton, 1999), since the line in Figure 7.4 is 
not straight. Although differentiation is low within the species, demes (representing                Chapter 7. Phylogenetic study of the nuclear DNA of Eucalyptus marginata 
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populations, Wright, 1977) may still be present within the continuous distribution. 
Models of a continuously distributed population have an inherent geographic 
structure (Slatkin, 1985), even with some gene flow. However, all unique alleles 
found were also rare alleles, which are unlikely to be dispersed between populations 
if gene flow is poor. It is also possible that this test reflected other environmental 
factors besides geographic distance, since the residuals were not significant when 
plotted against geographic distance.  
 
The high similarity between populations was congruent with the low genetic distance 
across the species. Genetic distance was low between all populations of E. marginata 
but clearly distinguished E. staeri as a separate species (Figure 7.2). The populations 
of the two restricted subspecies were more closely related to each other than to any 
other population, but neither of the subspecies showed any separation from the 
subspecies marginata. Similar lack of distinction between subspecies was found in 
studies of E. kochii (Byrne, 1999) and E. loxophleba (Hines and Byrne, 2001). There 
was no clear separation between the northern and southern forest regions, and the 
two outliers, Jilakin Rock and Katanning, also showed no differentiation from 
populations in the main distribution. This lack of differentiation was also seen in the 
phylogenetic analysis. 
 
High genetic similarity within species is unusual in Western Australia. The south-
west flora has many species that have shown significant genetic structuring between 
populations (Coates, 2000), most occurring in the transitional rainfall zone between 
the high rainfall mesic area in the extreme south-west corner and the dry arid area in                Chapter 7. Phylogenetic study of the nuclear DNA of Eucalyptus marginata 
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the north and east. Many genera particularly in the semi-arid regions of Western 
Australia have evolved great species richness with a high level of endemism, due to 
the necessity of adapting to the harsh conditions, and because of the edaphic and 
climatic barriers from the rest of the continent (Coates, 2000). Species that inhabit 
the more mesic environments show far less speciation. Differentiation between 
populations of eucalypts that do not have a disjunct distribution is generally low 
(Coates and Sokolowski, 1989 – E. diversicolor; Griffin et al, 1987 – E. regnans; 
Sampson et al, 1995 – E. rameliana). This reflects a long period of gene flow 
throughout the distribution of these species, or a recent range expansion. The low 
level of differentiation in E. marginata is not due to recent range expansion since 
isolation by distance would not occur if that were the case. Isolation by distance 
arises through long periods of environmental stability where a balance between gene 
flow and drift is established (Hutchison and Templeton, 1999). The south-west of 
Australia is an ancient subdued landscape that has not been subject to geological 
activity or glaciation (Hopper, 1979). While there has been periods of climatic 
instability in the transitional rainfall zones due to cyclic expansion and contraction of 
the mesic and arid regions, the high rainfall area has remained relatively climatically 
stable. This environmental stability would allow isolation by distance to develop 
within the continuous distribution of E. marginata. Isolation by distance is evident 
(Figure 7.4) but the wide scatter around the regression line indicates some influence 
from drift. When Figure 7.4 is applied to the theoretical model in Hutchison and 
Templeton (1999) the pattern of correlation falls between the pattern expected for 
equilibrium between gene flow and drift, and the pattern expected from the 
predominant influence of drift. This suggests that the time frame has not been                Chapter 7. Phylogenetic study of the nuclear DNA of Eucalyptus marginata 
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sufficient for equilibrium between gene flow and drift to become established 
(Hutchison and Templeton, 1999), probably due to the influence of longer term 
climatic cycles.  
 
Outlying populations that are isolated from the main distribution can occur through 
long distance gene flow, or through a recent range contraction that leaves remnant 
populations. The onset of aridity at the end of the Pleistocene may be responsible for 
a range contraction of E. marginata, since annual rainfall would only have to be 
75mm  higher for all the current outlying populations to be included in the main 
distribution (Churchill, 1968). The similarity of the outlying populations to those of 
the main range suggest that range contraction has occurred relatively recently 
without sufficient time for genetic differentiation of the outliers to develop. Slatkin 
and Barton (1989) suggest that it could be hundreds of generations before 
differentiation will reflect gene flow, which would be thousands of years in long-
lived trees. Although the outlying populations were not divergent from other 
populations, Jilakin Rock, the most distant, did show some evidence of the influence 
of drift, or a bottleneck, as it had lower genetic diversity and fewer rare alleles than 
any other population. 
 
The results of seven year old provenance trials planted at Pinjarra (32
o 37.2’S, 115
o 
52.3’E, Alcoa unpublished) indicate no significant difference between geographic 
areas in the northern part of the Darling Plateau for height, DBHOB, form, 
performance and fruit production, but some significant differences in mortality. 
However, the trial found that trees from the Swan Coastal Plain (such as Beeliar and                Chapter 7. Phylogenetic study of the nuclear DNA of Eucalyptus marginata 
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Yanchep) and the outlying population from Mt. Leseuer performed poorer than all 
other provenances for height, diameter, mortality, form and fruit production. 
Although the Mt. Leseuer population was not included in the present study, a small 
isozyme study found it to be significantly different to populations from Bindoon and 
Jilakin Rock (Moran and Hopper, 1987). The provenances that performed the best 
were all from the main Darling Plateau distribution, suggesting that there is some 
adaptation present for the local environment, at a regional scale.  
 
Wright’s fixation index (F) was significantly higher than in comparable eucalypt 
species, even those with small isolated populations (Elliot and Byrne, 2003a, 2003b), 
and also shows significant variation between populations. High levels of bi-parental 
inbreeding is the likely cause of the high fixation index (Millar et al., 2000) found in 
the predominantly outcrossing mating system of E. marginata (Millar et al., 2000). It 
is also possible that an excess of homozygosity has occurred due to sampling across 
subpopulations, or the Wahlund effect (Hartl and Clark, 1997). However, when 
considered with the low seed production rate in comparison to other eucalypt species 
(Chapter 4), it suggests that E. marginata may be inbreeding, although effects of 
inbreeding are unlikely to become obvious for many years due to the long generation 
time of the species (Moran et al., 2000; Slatkin and Barton 1989). Since most of the 
DNA samples were collected from regrowth after logging (i.e. old individuals), the 
indications are that the high fixation index has probably been historically present 
without causing inbreeding problems. In spite of neighbourhood structure, gene flow 
between populations is sufficient to balance the effects of drift and prevent 
differentiation of populations. However, neighbourhood structure leading to mating                Chapter 7. Phylogenetic study of the nuclear DNA of Eucalyptus marginata 
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between close relatives may be the cause of the low seed production (Chapter 4). If 
inbreeding is a factor in the low seed production of E. marginata there is an 
additional concern about maintaining genetic diversity in domesticated trees that are 
destined for orchard, timber or regeneration purposes. Several other eucalypt species 
show similar natural outcrossing levels without any apparent deleterious effects, 
although inbreeding depression has been observed in orchard populations (E. 
globulus ssp. globulus - Hardner and Potts, 1995a; E. regnans - Hardner and Potts, 
1997; Eucalyptus nitens - Hardner and Tibbits, 1998).  
 
This study has identified moderate levels of genetic diversity and low levels of 
differentiation within the nuclear genome of Eucalyptus marginata. It does not 
support the division of E. marginata into the three subspecies (Brooker and Hopper, 
1993), or the informal north/south division recognised by foresters. The low 
differentiation implies that germplasm for reforestation can be selected from a wide 
range within the main distribution, thus helping to maintain genetic diversity in the 
rehabilitated areas. However, isolation by distance occurs at lower spatial scales, and 
provenance trials indicate some local adaptations, and therefore seed collection zones 
should be at a regional scale rather than species wide. The work in Chapter 8 
examined the chloroplast DNA of E. marginata to improve knowledge and 
understanding of historical events that have taken place during the evolution of the 
species 
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Chapter 8. Chloroplast DNA variation in Eucalyptus marginata 
using RFLPs. 
 
8.1. Introduction 
 
The south-west of Western Australia is one of the most botanically diverse 
Mediterranean regions in the world, with roughly 5700 species, of which 52.5% are 
endemic (Beard, 2000). The nutrient-poor soils and the long period of 
geomorphologic stability are thought to be the main reasons for the high rate of 
endemism (Beard, 2000). Sclerophyllous plants were common in the Eocene period, 
much earlier than in the eastern part of Australia, because of the increasing aridity in 
the region (Hill et al., 1999; Hopper et al., 1996). Separation of the Australian and 
Antarctic plates proceeded in the Eocene (Playford et al., 1976). This was followed 
by epeirogenic uplift of the Yilgarn Block and at least some parts of the Perth Basin 
during the Tertiary which has possibly continued until the present (Kendrick et al., 
1991; Murray-Wallace, 2002; Playford et al., 1976). In turn, the Darling Plateau (as 
part of the Yilgarn Block) was uplifted approximately 300m along with extensive 
formation of lateritic soils (Hopper, 1979; Playford et al., 1976). The area was 
tectonically stable compared to other parts of Australia and the world during the 
Pleistocene (Murray-Wallace, 2002). The Darling Scarp is situated on one of the 
major crustal fault lines of the earth, the Darling Fault line, extending north-south for 
over 1000km with a spread of up to 15,000 metres (Playford et al., 1976). The 
Pleistocene period saw the region undergo several climatic changes with the more 
rapid northward movement of the Australian continent, but without the volcanic             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
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activity or periods of glaciation that occurred in the eastern part of the continent 
(Hope, 1994; Hopper, 1979). From 20,000 to 10,000 years BP the area experienced 
the onset of more arid conditions, and until 14,000 BP intense widespread aridity 
affected much of Western Australia (Wyrwoll, 1979). From 10,000 years BP until 
the present, there have been several climatic changes, with wetter periods being 
experienced when sea levels and sea surface temperatures rose during minor 
interglacials, and drier conditions during glaciation, although no actual glaciation 
occurred in south-west Western Australia (Wyrwoll, 1979). Coastal landforms were 
in a state of flux during this time as a result of fluctuating sea levels (Hopper, 1979). 
Eucalyptus marginata inhabits the more mesic areas of south-western Australia and 
has had greater stability in its environment than have the more semi-arid species of 
the region. 
 
The Eucalyptus marginata forest has a less diverse flora than other parts of the south 
west of Western Australia, such as the semi-arid lands or sandy heathlands, possibly 
because it occupies much of the more mesic areas. It often grows in almost 
monospecific stands with a low floristic diversity understorey on the laterite soils of 
the Darling Plateau. The species probably had a much larger distribution during 
wetter periods, and if the rainfall increased by 75mm per annum, all the present 
outliers would be included within the main distribution (Churchill, 1968). Pollen 
records show that it underwent a substantial increase in distribution from 500 BC to 
1400 AD (Churchill, 1968). There are three subspecies of E. marginata recognised 
on morphological grounds (Brooker and Hopper, 1993); subspecies marginata is a 
tall forest tree with dark green leaves, subspecies thalassica has a weeping habit with             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
180 
blue-green leaves, and subspecies elegantella  is a small tree with small, narrow, 
olive-green leaves. Distributions of the subspecies are shown in Figure 7.1 (Chapter 
7). 
 
The geological history of the area would be expected to have some impact on the 
evolution of the regional flora. Fragmentation has occurred in south western 
Australian species, particularly in the semi-arid areas of the region, and particularly 
species with restricted distributions, due to the fluctuating climate and gradual 
tectonic movement. Widespread species have also undergone fragmented periods 
during times of increased aridity, or uplifting of the Darling Plateau. This differs 
from the kind of catastrophic events seen in eastern Australia caused by glaciation 
and volcanic activity that caused rapid geographic barriers separating some species, 
and bringing others into close proximity to each other. Studies in eastern Australian 
eucalypts have found that many species can share haplotypes, with a geographic 
pattern evident (Freeman et al., 2001; Jackson et al., 1999; McKinnon et al., 1999; 
2001; Steane et al., 1998; Stokoe pers. comm.). This has been attributed to 
hybridisation and introgression, similar to the processes seen in the European oaks 
(Ferris et al., 1993), and the Tellima grandiflora complex in California (Soltis et al., 
1992). Isolated remnants that were confined to glacial refugia, in California, during 
glacial periods are thought to have hybridised. Tellima grandiflora showed a pattern 
of very little nuclear differentiation but well defined chloroplast differentiation, and 
it is possible that this occurred when one of the clades hybridised with a species of 
Mitella, which is a separate genus but part of the same Heuchera group of genera.             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
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Eastern Australia has also seen periods of glaciation that similarly could have caused 
isolation of sympatric eucalypt populations of different species in glacial refugia. 
 
The analysis of chloroplast DNA can be used to assess the influence of historical 
processes, since the rate of evolution in the chloroplast genome is approximately one 
fifth of that of the nuclear genome (Ennos et al., 1999, Soltis et al., 1992). Studies of 
plant phylogenies, including eucalypts, have been successfully undertaken using 
RFLP chloroplast markers (Butcher et al., 2002; Byrne, 1999; Byrne et al, 1994; 
Byrne et al., 1995; Byrne et al., 1998; Hines and Byrne, 2001; Jackson et al, 1999; 
McKinnon et al., 1999; Reiseberg, 1998). Cp DNA studies can provide insight into 
complex evolutionary histories that are present in the south-west Australian flora, 
and are able to distinguish patterns that exist between widely divergent taxa, 
implying that the patterns are from common geomorphologic or climatic events 
(Byrne et al., 2002; Byrne et al., 2003; Byrne and Hines, 2003). These patterns are 
indicative of historical fragmentation that was caused by increasing, but fluctuating 
aridity in the region, and have also identified relictual taxa in species with restricted 
or disjunct distribution (Byrne et al., 1999; Byrne et al., 2000; Elliot and Byrne, 
2003a).  
 
South-western Australia has not been affected by large scale glaciation or volcanic 
activity, and climatic changes have been limited to changes in sea levels, 
temperatures and rainfall, causing expansion and contractions of distributions. 
Studies of other widely distributed species in this region, such as Acacia acuminata 
and Santalum spicatum have identified phylogeographic patterns (Byrne et al., 2002;             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
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Byrne et al., 2003), with the separation of lineages corresponding with historical 
fragmentation. These two species have similar distributions but are from different 
families, so it is likely that the phylogeographic patterns are caused by historical 
events, rather than genetic processes limited to the taxa concerned. Some south-
western eucalypts also show similar phylogeographic patterns. CpDNA studies on 
south western Australian eucalypts, such as Eucalyptus loxophleba and E. 
angustissima have provided more evidence that the fragmented species have similar 
evolutionary patterns to species that have similar distributions, but are not 
taxonomically closely related (Byrne and Hines 2003; Elliot and Byrne, 2003a). This 
suggests that incomplete lineage sorting (Wendel and Doyle, 1998) is a more likely 
process to have taken place in this area than hybridisation, which is a species specific 
process. 
 
Chloroplast DNA studies can show patterns identifying influences of historical 
processes. It is therefore valid to use cpDNA studies for phylogeographic 
assessments in a widespread species such as Eucalyptus marginata since widespread 
species can also have undergone historical fragmentation in the semi arid areas of the 
south western Australian region. Climatic fluctuations in the mesic areas, such as the 
distribution area for E. marginata were not as significant as in the arid zone. Little 
differentiation was identified in the nuclear genome of E. marginata (Chapter 7) 
indicating that there may have been good gene flow during the past few thousand 
years, and that the species may be approaching a gene-flow/drift equilibrium 
(Hutchinson and Templeton, 1999). Investigation of the chloroplast DNA was 
undertaken to determine whether E. marginata has been influenced by historical             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
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processes due to fluctuations during the Pleistocene, in common with many other 
species in the semi-arid areas of the south western region of Australia, that show a 
higher level of structuring in the nuclear genome.  
 
8.2. Materials and Methods 
 
8.2.1. Plant material 
Collections were made as for Chapter 7 and in addition, two populations of E. 
todtiana were used as an outgroup (Figure 8.1). The DNA was extracted from five 
individuals for each population as outlined in Byrne et al. (1998), as for Chapter 7. 
 
The genomic DNA samples were digested with six enzymes, Bcl I, Bgl II, EcoR I, 
Xba I, EcoR V, and Hind III, Southern blotted, and hybridised with six heterologous 
petunia probes, which cover the single copy regions of the chloroplast genome. The 
probes used were P1, P3, P4, P6, P8, and P10 (Sytsma and Gottlieb, 1986), and one 
tobacco probe, pTBa1 (Suguira et al., 1986). Restriction digestion and hybridisation 
were as described in Byrne and Moran (1994), and probe inserts were amplified then 
labelled with 
32P using the random priming method, as for Chapter 7. 
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Figure 8.1. Map showing collection locations and distribution of clades 
identified by cpDNA variation for Eucalyptus marginata.   Represents  E. 
marginata trees in the main forest clade, with the subclades grouped,       represents 
E. marginata trees in the coastal clade,        represents the site for E. staeri,  
and       represents sites for populations of E. todtiana. E. marginata sites are as for 
Figure 7.1. 
 
8.2.2. Data analysis 
Mutations were identified into length or restriction site mutations, and from this 
haplotypes were identified. Fragment patterns for consecutive cp probes were 
compared to ensure that each mutation was correctly interpreted and counted only             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
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once. Where a length mutation was detected by more than one restriction enzyme, it 
was counted as only one mutation. Nucleotide diversity was calculated for restriction 
site mutations using HAPLO (Lynch and Crease, 1990), and partitioned within and 
between populations. Haplotype diversity was calculated with Nei’s gene diversity 
measures (Nei, 1978) for haplotypes in the total sample and in each population. 
 
A parsimony analysis characterised by presence or absence of each mutation was 
undertaken with the haplotypes using PAUP (Swofford, 1991). Bootstrap analysis 
used 100 replications and heuristic search, with TBR branch swapping and 
MULPARS on. Eucalyptus todtiana, which belongs to the same subgenus as E. 
marginata, was defined as the outgroup.  
 
8.3. Results 
 
8.3.1. Polymorphism in cpDNA 
A total of 11 site mutations, 30 length mutations and one missing band (Table 8.1) 
were detected, distributed over 17 haplotypes (Table 8.2) for Eucalyptus marginata, 
with 11 mutations (an extra two length mutations as well as those shared with E. 
marginata) and one haplotype detected for E. staeri. Two individuals were removed 
from the analysis, one from Mount Frankland, and the other from Jilakin Rock, 
because they were not E. marginata as thought when collected. 
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Table 8.1. Mutations observed in the cpDNA study of Eucalyptus marginata. 
Abbreviations for populations are as follows: Mt. Fr – Mount Frankland, Kat – 
Katanning, Nan – Nannup, Jil. R – , Jilakin Rock, Perup – Perup, Ju. F – Julimar 
Forest, Nth. Dand – North Dandalup, Welsh Rd – Welshpool Road, Jar – Jarrahdale, 
Dw – Dwellingup, Br – Bridgetown, Col – Collie. 
No. Probe/enzyme Mutation
type 
Fragment 
sizes (kb) 
Populations and individual numbers  
1 P10/EcoR I  length  1 v. 1.1  Mt. Fr 1-2, Kat 1-5, Nan 1, Jil. R 1-5, 
Perup 1-5 
2 P6/EcoR V  length  3.6 v. 3.4  Ju. F 1-5 
3 P6/Bgl II  length  6.6 v. 6.2  Ju. F 1-5 
4 P1+4/Bgl II  length  8 v. 8.5  Ju. F 1-5 
5 P1+4/Bgl II  length  14.4 v. 13.4  Nan 1, Perup 5 
6 P1+4/EcoR I  length  4.7 v. 4.4  Mt. Fr 1-2 
7 P1+4/Hind III  length  6.0 v. 5.1  Nan 1, Perup 5 
8 P3/Bcl I  length  4.0 v. 3.8  Nth. Dand 1,3, Welsh Rd 1-5 
9 P3/Bcl I  length  4.0 v. 3.9  Perup 5 
10 P3/EcoR I  length  6.4 v. 6.0  Mt. Fr 1-5, Kat 1-5, Nan 1, Jar 1-5, Jil. 
R 1-5, Dw 1-5, Perup 1-5, E. staeri 1-5, 
Br 1-5, Col 1-5 
11 P3/EcoR I  length  3.5 v. 4.0  Nth. Dand 1,3, Welsh Rd 1-5 
12 P3/EcoR I  length  3.5 v. 3.4  Mt. Fr 1-5, Kat 1-5, Nan 1, Jar 1-5, Jil. 
R 1-5, Dw 1-5, Perup 1-5, Mt. Fr s 1-5, 
Br 1-5, Col 1-5 
13 P8/Bcl I  length  1.8 v. 1.9  Nth. Dand 1-5, Welsh Rd 1-5 
14 P8/Bgl II  length  6.4 v. 6.3  Mt. Fr 1-2, Kat 1-5, Jil. R 1-5, Perup 1-4
15 P8/Bgl II  length  6.3 v. 4.3  Perup 5 
16 P8/Bgl II  length  2.7 v. 3.25  Welsh Rd 1 
17 P8/Bgl II  length  2.7 v. 2.75  Kat 1-5 
18 P8/Bgl II  length  2.7 v. 2.9  Welsh Rd 2 
19 P8/Bgl II  length  1.5 v. 1.2  Mund 1-5             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
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Table 8.1 (continued)      
No. Probe/enzyme Mutation
type 
Fragment 
sizes (kb) 
Populations and individual numbers  
20 P8/EcoR I  length  2.0 v. 2.3  Mt. Fr 3-5, Jar 1-5, Dw 1-5, E. staeri 1-
5, Br 1-5, Col 1-5 
21 P8/EcoR I  length  2.0 v. 2.1  Jil. R 1-5, Perup 1-4 
22 P8/Xba I  length  3.0 v. 3.1  All except E. todtiana 
23 PtBa  I/Bcl I  length  2.7 v. 3.0  Mt. Fr 1-5, Kat 1-5, Ju F 1-5, Nan 1-5, 
Jar 1-5, Jil. R 1-5, Mund 1-5, Dw 1-5, 
Perup 1-5, E. staeri 1-5, Br 1-5, Col 1-5 
24 PtBa  I/Bgl II  length  8.8 v. 9.0  Mt. Fr 1-5, Kat 1-5, Ju F 1-5, Nan 1-5, 
Jar 1-5, Jil. R 1-5, Mund 1-5, Dw 1-5, 
Perup 1-5, E. staeri 1-5, Br 1-5, Col 1-5 
25 PtBa  I/Bgl II  length  9.0 v. 8.82  E. staeri 1-5 
26 P6/EcoR V  length  3.6 v. 3.4  Nan 2-4 
27 P8/Bgl II  length  2.9 v. 3.45  Nan 5 
28 P3/Bgl II  length  2.4 v. 2.47  Yanch 1-5, Nth. Dand 1-5, Be 1-5, 
Welsh Rd 1-5 
29 P3/Bgl II  length  2.2 v. 2.27  Yanch 1-5, Nth. Dand 1-5, Be 1-5, 
Welsh Rd 1-5 
30 P1  +4/EcoR I  length  2.55 v. 2.2  Nan 1 
31 PtBa  I/EcoR I  length  3 v. 2.4  Jar 2 
32 PtBa  I/EcoR V  length  3.4 v. 3.0  E. staeri 1-5 
33 PtBa  I/Bcl I Missing 
band 
1.8 Nan  2-4 
34 P6/EcoR I  site  5.3 v. 3.4 + 
1.9 
Mt. Fr 1-2, Kat 1-5, Nan 1, Jil. R 1-5, 
Perup 1-5 
35 P6/EcoR I  site  3.25 v. 1.9 
+ 1.35 
Jar 1-5, Br 1-5, Col 1-5 
36 P1+4/Bgl II  site  13.4 v. 9.8 
+ 3.7 
Nan 2-4             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
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Table 8.1 (continued)      
No. Probe/enzyme Mutation
type 
Fragment 
sizes (kb) 
Populations and individual numbers  
37 P1+4/EcoR I  site  4.7 v. 2.8 + 
1.9 
Perup 5, Nan 1 
38 P1+4/EcoR V  site  1.7 v. 0.9 + 
0.8 
Yanch 1-5, Nth. Dand 1-5, Be 1-5, 
Welsh Rd 1-5 
39 P1+4/EcoR V  site  3.5 + 11.5 
v. 15.0 
Nan 2-4 
40 P3/Bcl I  site  5.0 v. 2.8 + 
2.2 
Mt. Fr 1-5, Kat 1-5, Nan 1, Jar 1-5, Jil. 
R 1-5, Dw 1-5, Perup 1-5, E. staeri 1-5, 
Br 1-5, Col 1-5 
41 P3/EcoR V  site  6.7 v. 4.35 
+ 2.35 
Mt. Fr 3,5, Jar 1-5, Dw 1-5, E. staeri 1-
5, Br 1-5, Col 1-5 
42  Pt Ba I/EcoR I  site  2.1 + 1.0 v. 
3.2 
Mt. Fr 1-5, Kat 1-5, Ju F 1-5, Nan 1-5, 
Jar 1-5, Jil. R 1-5, Mund 1-5, Dw 1-5, 
Perup 1-5, E. staeri 1-5, Br 1-5, Col 1-5 
43 PtBa  I/EcoR V  site  5.2 v. 3.4 + 
1.8 
Mt. Fr 1-5, Kat 1-5, Ju F 1-5, Nan 1-5, 
Jar 1-5, Jil. R 1-5, Mund 1-5, Dw 1-5, 
Perup 1-5, E. staeri 1-5, Br 1-5, Col 1-5 
44 PtBa  I/EcoR V  site  4.6 v. 2.8 + 
1.8 
Jar 1-5, Br 1-5, Col 1-5 
 
8.3.2. Haplotype Relationships 
Eucalyptus marginata and  E. staeri were clearly separate from the outgroup, E. 
todtiana. Within E. marginata the cladogram of haplotype relationships (Figure 8.2) 
has two main clades, with the Swan Coastal Plain populations separated from the 
Darling Plateau forest populations. Within the forest clade (A) two sub-clades were 
seen, one structured (C) contained two further sub-clades. The first subclade was the 
central forest group (D) and the other was the south-east group (E). Sub-clade E             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
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contains the two outlying populations, the separated Perup population, two 
individuals from Mount Franklin, and one individual from Nannup.  
 
Table 8.2. CpDNA haplotypes of Eucalyptus marginata, E. staeri, and E. 
todtiana. Population abbreviations are as for Table 8.1. 
Haplotype Mutations  Populations (No. of 
individuals 
A  22,23,24,42,43,10,12,40,20,41,35,44  Jar 1, 3, 5, Br 1-5, Col 1-5 
B 22,23,24,42,43,10,12,40,20,41,35,44,
30 
Jar 2 
C  22,23,24,42,43,10,12,40,20,41  Dw 1-5, Mt. Fr 3, 5 
D 22,23,24,42,43,10,12,40,20,41,25,32  E. staeri 1-5 
E 22,23,24,42,43,10,12,40,1,34,5,7,35,
9,15 
Perup 5 
F 22,23,24,42,43,10,12,40,1,34,5,7,35,
30 
Nannup 1 
G  22,23,24,42,43,10,12,40,1,34,14,6  Mt. Fr  1, 2 
H  22,23,24,42,43,10,12,40,1,34,14,21  Jil Rock 1,3-5, Perup 1-4 
I  22,23,24,42,43,10,12, 40,1,34,17  Kat 1-5 
J 22,23,24,42,43,19  Mund  1-5 
K  22,23,24,42,43,2,3,4  Jul For 1-5 
L 22,23,24,42,43,26,33,36,39  Nan  2-4 
M 22,23,24,42,43,27  Nan  5 
N  22,28,29,38  Yanchep 1-5, Be 1-5 
O  22,28,29,38,13,8,11  Nth. Dand 1,3, Welsh Rd 3-5 
P  22,28,29,38,13,8,11,16  Welsh Rd 1 
Q  22,28,29,38,13,8,11,18  Welsh Rd 2 
R  22,28,29,38,13  Nth Dand 2-4 
S 22  E. todtiana 
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The outliers Jilakin Rock and Katanning showed little or no differentiation with the 
other populations. Within the forest clade (A) there was also a polytome of five 
branches, containing the separated Nannup population, and the Mundaring and 
Julimar Forest populations. E. marginata ssp. thalassica partly grouped adjacent to 
each other in the polytome. The Jarrahdale population of ssp. thalassica separated in 
subclade D, where it grouped with the geographically close central forest populations 
of Bridgetown and Collie. Within the coastal clade (B), containing all populations on 
the Swan Coastal Plain, differentiation was observed between the morphologically 
recognised subspecies E. marginata ssp.  marginata  and  E. marginata ssp. 
elegantella. The central forest sub-clade (sub-clade D) contains E. staeri, sharing the 
same lineage as E. marginata but does not share any haplotypes, even with the 
Mount Franklin population growing only 7.14 kilometres from the E. staeri site. 
 
8.3.3. Nucleotide Diversity 
Nucleotide diversity, the average number of nucleotide differences per site between 
two sequences (Nei, 1978), can be determined for restriction sites but not for length 
mutations. The average substitution/nucleotide site for pairs of random haplotypes 
averaged over all pairs of individuals in E. marginata, was 0.062%. This diversity 
was 0.0128% within populations, and 0.216% between populations. The proportion 
of nucleotide diversity between the populations (NST) was 94.4%. Diversity between 
the two main lineages, A and B, was 0.285%. Clade A had more variation within 
populations (0.114%) than clade B (zero because it had no site mutations). Diversity 
between the two main forest clades, (D and E) was 0.135%, with greater variation 
within clade D (0.042%) than clade E (0.01%).             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
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Figure 8.2. PAUP Cladogram for Eucalyptus marginata with E. todtiana used as 
outgroup. Numbers above lines represent bootstrap values over 50%, numbers 
below lines represent mutations (site mutations in bold), letters represent clades. 
 
10, 12 
40 
Eucalyptus todtiana 
Eucalyptus staeri 
North Dandalup 2, 4, 5 
Welshpool Rd 2 
Welshpool Rd 1 
Yanchep, Beeliar 
Nannup 5 
Nannup 2, 3, 4 
Julimar Forest 
Mundaring 
Katanning 
Jilakin Rock, Perup 1-4 
Mount Frankland 1, 2
Nannup 1 
Perup 5 
Dwellingup, Mount Frankland 3, 5
Jarrahdale 2 
80
92 
78 
92
64
95 
96 
62
78
B 
A 
C 
D
E
ssp. 
thalassica
100 
22 
28, 29, 38 
13 18 
16 
27 
26, 33, 36, 39 
2, 3, 4 
19 
23, 24 
42, 43 
1, 34
17 
21 
6 
14 
5, 7, 37
30 
9, 15 
25, 32 
31 
20, 41
35, 44
89
8, 11 
ssp. 
thalassica 
North Dandalup 1, 3, 
Welshpool Rd 3, 4, 5             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
192 
8.4. Discussion 
 
A higher level of chloroplast variation has been identified within Eucalyptus 
marginata  than has been observed in similar studies (with similar sample size, 
number of probes and enzymes used) with other eucalypts, with 41 mutations and 17 
haplotypes.  E. nitens had 25 mutations and 13 haplotypes (Byrne et al., 1993). 
South-west Australian species such as E. angustissima had 28 mutations and 8 
haplotypes (Elliot and Byrne, 2003a), and E. kochii had 31 mutations and 18 
haplotypes (Byrne and MacDonald, 2000). The lack of gene flow/drift equilibrium 
seen in the nuclear genome (Chapter 7) suggests that E. marginata has experienced a 
relatively recent (in geological terms) change in environment. The lack of 
differentiation in the nuclear genome suggests that E. marginata has had a stable 
environment for a long period of time, supported by the high level of chloroplast 
variation. 
 
The level of nucleotide diversity in E. marginata (0.285%) was also higher than 
other species in the region, such as E. loxophleba (0.088%, Byrne and Hines, 2003), 
E. kochii (0.081%, Byrne and Macdonald, 2000), A. acuminata (0.079%, Byrne et 
al., 2002) and Santalum spicatum (0.084%, Byrne et al., 2003), but reflects the 
historical fragmentation of habitats rather than catastrophic events, such as glaciation 
or volcanic activity, as occurred in eastern Australia. If nucleotide diversity is used to 
estimate the time of divergence between clades (for the cp genome 0.1% divergence 
is estimated to represent approximately one million years since separation), then the 
split between the two main clades in E. marginata can be dated at approximately             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
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2.85 million years ago (Lynch and Crease, 1990). The time of the separation 
corresponds approximately with the Pliocene/Pleistocene boundary, and is when the 
uplifting of the Darling Plateau occurred, separating the Swan coastal plain 
populations from the trees on the Darling Plateau. During this time period the 
Darling Scarp formed cliffs with the process that began in the mid-Tertiary (Playford 
et al., 1976) and there was gradual uplift of the Perth Basin, and widespread, shallow 
transgressions or marine flooding, finishing in the Early Pleistocene with regression 
of the coastline (Kendrick et al., 1991; Quilty, 1974). 
 
The high level of chloroplast DNA variation within E. marginata was partitioned to 
two main lineages that separated according to geomorphological boundaries (Figure 
8.1) that correspond with the uplifting of the Darling Plateau sometime between the 
end of the Pliocene and the beginning of the Pleistocene periods.). The two lineages 
seen in this study were the lateritic Darling Plateau (clade A) and the sandy Swan 
Coastal Plain (clade B). Clade B contains some structure, and the populations of 
North Dandalup, and Welshpool Road, which form the subspecies elegantella 
(Brooker and Hopper, 1993), in this study, cluster together, which has differentiated 
within the coastal lineage and is apparently derived (Figure 8.2). Clade A has greater 
diversity than Clade B, with some structure seen in subclades D and E, the west and 
east lineages (Figure 8.1). The Mount Frankland population has haplotypes in both 
lineages. The lineages D and E could have been isolated at times, and at other times 
expanded to form a continuous distribution. This pattern is similar to the pattern seen 
in some species occupying semi-arid areas, such as E. loxophleba (Byrne and Hines, 
2003), Acacia acuminatum (Byrne et al., 2002), and Santalum spicatum (Byrne et al.,             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
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2003), and with a divergence time frame within the same geological period. No event 
was found in the literature to correspond with the separation of clades D and E 
(Figure 8.2), dated at approximately 1.35 million years ago by nucleotide diversity, 
although the warping of the east-west Jarrahwood axis in the southern part of the 
region during the Quaternary may have been involved (Playford et al., 1976). There 
is no differentiation of haplotypes within subspecies thalassica. Subclade D contains 
two haplotypes for subspecies thalassica, one shared by trees not classified as being 
subspecies thalassica, while the other two haplotypes are situated in the polytome of 
clade A, with weak bootstrap support. In field morphological terms, this subspecies 
appeared to be a cline rather than a sharply differentiated morphological type, and 
the chloroplast data  appears to reflect geographical distance. Along with the results 
of the nuclear RFLP study (Chapter 7) that also showed little differentiation in the 
subspecies, we conclude that the genetic data does not support the subspecies 
classification.  
 
Within  Eucalyptus marginata the outlying populations showed no differentiation 
from the main distribution, supporting the nuclear DNA results that their isolation 
has been recent (Chapter 7, Churchill, 1968; Wyrwoll, 1979). This is consistent with 
the hypothesis that the jarrah range has recently contracted and that this may be due 
to recent climatic change, with a decrease in rainfall in the distribution area. The 
southern population of Nannup is very variable, and contains widely differentiated 
individuals, and is geographically situated on the Whicher Scarp, which was formed 
by marine erosion (Playford et al., 1976), not by a faultline like the Darling Scarp. It 
was uplifted from the Perth Basin through movement of the east-west Jarrahwood             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
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axis during middle to late Tertiary times that continued into the Quaternary (Playford 
et al., 1976), well after the divergence of the Swan coastal Plain from the Darling 
Scarp. Individuals in the Nannup population have haplotypes that occur in several 
sub-clades, and may be due to an historical long distance gene flow event. Other 
populations that have individuals with differentiated haplotypes are Mount Frankland 
and Perup, also southern populations. A greater sample size may have elucidated the 
relationships within the southern populations more clearly. However, the divergence 
of the forest clades during the Pleistocene era is geographically based. 
 
Eucalyptus staeri does not share any haplotypes with its close neighbour, E. 
marginata, at Mount Frankland, even though they are both apparently in the same 
lineage, indicating that there has been no hybridisation observed between the two 
species at that site. This is consistent with the hybridisation hypothesis proposed by 
Byrne and Hines (2003) in E. loxophleba. Common ancestry between E. staeri and 
E. marginata is suggested since the haplotype for E. staeri is nested within the E. 
marginata  lineage. This suggests that lineage sorting of ancestral populations is 
responsible for the separation of the two species, and contrasts with findings in the 
Tasmanian  Symphomyrtus  eucalypts and other eastern Monocalyptus that show 
evidence of hybridisation and introgression (Freeman et al., 2001; Jackson et al., 
1999; McKinnon et al., 1999; McKinnon et al., 2001; Steane et al., 1998; Stokoe 
pers. comm.). Other closely related eucalypts from the south western region such as 
E. loxophleba and E. blaxelli shared two haplotypes, which could be interpreted as 
evidence of hybridisation. However, the shared haplotypes could represent 
haplotypes present through common ancestry (Byrne and Hines, 2003). In other             Chapter 8. Chloroplast DNA variation in Eucalyptus marginata using RFLPs. 
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studies within the south-western Australian region, some groups of species share 
haplotypes while others do not. E. angustissima and E. misella do not share any 
haplotypes (Elliot and Byrne, 2003a). The group of E. kochii, ssp.  kochii,  ssp. 
plenissima, and E. horistes shared haplotypes, but formed a cohesive group, more 
like an intra-specific complex (Byrne and Macdonald, 2000). There is no evidence in 
this study of any hybridisation or any shared haplotypes of E. marginata with any 
other closely related species, even when there is evidence of common ancestry. 
However, there have been suggested hybrids of E. marginata with E. megacarpa, E. 
preissiana (Pryor and Johnson, 1962) and with E. patens (B. Dell, pers. comm.), 
based on morphological features. While it is possible that hybridisation occurs in 
south-west Australian eucalypts, this may not be the reason for shared haplotypes in 
the chloroplast DNA.  
 
E. todtiana is clearly separated from E. marginata and does not share any lineages or 
haplotypes, even though one of the collections of E. todtiana also had E. marginata 
growing at the same site. This pattern fits with the hypothesis that E. todtiana has 
adapted through isolation caused by geological and climatic events, rather than 
historical hybridisation or introgression. This is consistent with the adaptation 
observed in E. marginata in the jarrah provenance trials (Alcoa World Alumina, 
Australia, unpub.) which found that trees derived from the Swan Coastal Plain did 
not perform as well at Jarrahdale, a site on the Darling Plateau, as trees that were 
derived from areas within the main forest clade (clade A), for factors such as height, 
form (number of trunks), and mortality. 
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The dates given through the estimation of the molecular clock have reasonable 
calibration to geological events. The estimation would be affected by factors such as 
diversity within the species and population size (Avise, 2000). The time of 
divergence may have been earlier than indicated by the molecular clock used, since it 
can only indicate a separation that had already occurred. The separation event 
between the coastal clade and the forest clade in E. marginata is earlier than other 
species in the region, such as E. loxophleba (700,000 years ago), and Acacia 
acuminata  (800,000 years ago) (Byrne et al., 2002, 2003), but within the same 
geological period. 
 
The patterns seen here in the chloroplast DNA of E. marginata reflect the 
evolutionary history of the region. The mesic area has seen more climatic stability 
than the semi-arid regions of south-western Australia and the timing of the division 
between the two main clades corresponds to the uplifting of the Darling Plateau. 
Future work could include other widespread species that exist within the jarrah 
forest, to see if they follow the same pattern of separation between the coast and the 
main forest areas. Implications for selection of clonal material for Eucalyptus 
marginata seed orchards arising from this work are that the coastal populations are 
distinct from the populations on the Darling Plateau, even though this is not evident 
in the nuclear genome.  
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Chapter 9. General Conclusions 
 
The work undertaken during this project has added to the knowledge base of the 
reproductive and molecular biology of Eucalyptus marginata. While some of the 
work can be regarded as preliminary, conclusions have been drawn, and suggestions 
made for future research to back up these conclusions. 
 
Observations suggest that there is a difference in reproductive ability between 
selected cloned genotypes, and wild trees. A low number of viable seeds was set 
following both open-pollination and controlled hand-pollination in clones. It was 
shown that this was not due to failure of pollinations since pollen tubes grew down 
the styles. In both the wild trees and clones examined fertilisation rates were 
comparable to other eucalypts (Griffin et al., 1987). However, in the clonal genotype 
that was examined in detail (5J119), the rate of zygote abortion was higher than in 
the wild tree. This may have been associated with of the lack of a robust zygote cell 
wall and indistinct endosperm nuclei. Assessment of bud, flower and fruit drop in 
five other clonal genotypes suggested that these also may have similar zygote 
abortion rates to clone 5J119, since there was a high natural drop rate of flowers 
between four and eight weeks after anthesis that did not occur in the five wild trees 
(Figure 4.5). A possible hypothesis can be drawn from this work that a high rate of 
zygote abortion in the clonal genotypes may be the reason for the low viable seed 
numbers resulting from controlled pollination work undertaken using these and other 
clonal genotypes of E. marginata. More work needs to be conducted on comparisons 
of wild trees and clones. If the level of zygote abortion in the clones that have been                                                                                      Chapter 9. General Conclusions 
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selected for dieback resistance is higher than in the wild trees, the reasons for this 
difference should be investigated before these clones are used in seed orchards or in 
widespread rehabilitation. The preliminary results presented here suggest that there 
may have been some mutation in the zygote during the cloning process that has 
increased the rate of zygote abortion. Data is not available on the fertility of the 
mother trees, that could help elucidate the fertility in the clones examined. The 
difference in flowering periods between local wild trees and clones also requires 
further examination (Chapters 2, 3 and 4). 
 
The variation in fertility seen in the clones, as suggested in Chapter 4 appears to be 
due to partly genetic and environmental factors. It is possible that there is natural 
variation in fertility within many plant species. More information regarding the 
mother plants would have been very useful in elucidating the genetic fertility factor. 
Environmental factors were also seen to be important, and if the mother plant of the 
clones involved originated from a population on the Swan Coastal Plain, or from an 
outlying population, this may have reduced fertility in the clone. 
 
It was shown that pollen can be successfully stored in vitro for up to twelve months. 
Although pollen viability varied according to genotype, and the time of the flowering 
period, overall viability ranged from 5% to 70%. Pollen viability levels will impact 
on the male contribution of a particular genotype to the next generation of seeds. 
Stigma receptivity appeared to extend over several days, but maximum receptivity 
varied with season, being close to anthesis in hot weather. Sufficient numbers of 
pollen tubes reach the ovules to effect fertilisation in most cases. Like many other                                                                                      Chapter 9. General Conclusions 
200 
eucalypts,  E. marginata is able self-pollinate and at least sometimes self-fertilise 
(Chapter 3, 5), although as in some other eucalypts many of the self-fertilised ovules 
undergo post-zygotic abortion. This is consistent with a mating system study that 
showed in undisturbed populations approximately 20% of seed from E. marginata is 
selfed (Millar et al., 2000). This means that there is potential for clonal populations 
to exhibit inbreeding depression that may not yet be evident. The variability of pollen 
viability between genotypes (Chapter 2) may be the reason for the relative 
homogeneity of pollen pools found within populations by Millar et al. (2000), with 
few paternal parent trees contributing. 
 
Viable seed numbers can be increased with the autumn application of paclobutrazol. 
The experiment on the effect of paclobutrazol was conducted on orchard trees that 
were four years old at the time of application, and further work is necessary to 
confirm the effect of the compound in older, mature trees. Paclobutrazol did not help 
in maintaining buds on the tree during the dry season experienced in the year of 
2002. There were also differences between genotypes in response to the 
paclobutrazol treatment and this may represent a problem for future broadscale 
applications. 
 
A study of variation in the nuclear genome (Chapter 7) gave important information 
regarding the natural levels of diversity and differentiation within Eucalyptus 
marginata.  This information is now being used to assess the diversity captured 
within the clonal genotypes being used for rehabilitation, and will assist in 
determining appropriate areas from which further collections of wild trees should be                                                                                      Chapter 9. General Conclusions 
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made for clonal propagation. If clonal genotypes are going to be used on a broad 
scale, it is important to maintain the genetic diversity within the clonal populations. 
A study on variation in the chloroplast genome (Chapter 8) demonstrated historical 
differentiation between the coastal populations and populations on the Darling 
Plateau. This information will also be used in deciding on selection of material to be 
clonally propagated, since coastal trees are unlikely to be well adapted to conditions 
on the Darling Plateau. It is also important to maintain differentiation between 
accessions with different chloroplast genomes within the plantations of clones. 
 
The genetic studies also revealed information of phylogenetic interest. This work did 
not support the morphologically recognised subspecies within Eucalyptus marginata, 
although the distinction between the coastal and the forest populations did include 
one of the subspecies, ssp. elegantella. The significant effect of the uplifting of the 
Darling Plateau from the Swan Coastal Plain on the differentiation within the species 
was made apparent from the chloroplast DNA study, even though this was not 
evident from the nuclear DNA data, which showed little differentiation between any 
of the populations. Finally, the work was of phylogeographic interest in relation to 
other plants in south western Australia, confirming the relatively stable environment 
that the region has experienced for a long period of time, compared to environments 
in many other parts of the world where glaciation has had a significant influence 
during the Quaternary period. 
 
This study has shown that Eucalyptus marginata has similar reproductive and 
physiological features to other Monocalyptus eucalypts, and this could be used for                                                                                      Chapter 9. General Conclusions 
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future research into the species. Where assumptions can be tentatively made on the 
basis of similarity to other Monocalyptus species, experiments may be designed that 
are more suitable for the species concerned, rather than designing more general 
experiments without any prior knowledge of the species. Eucalyptus marginata 
pollen requires similar storage conditions to other Monocalyptus species, except that 
E. regnans pollen remains viable for longer at room temperature (Griffin et al., 
1982). Flower morphology of E. marginata was similar to other Monocalyptus 
species, such as E. stellulata (Davis, 1969), and included a sterile section of pollen 
from each anther. Eucalyptus marginata contains two contiguous rows of ovules in 
each locule, in common with other Monocalyptus species (House 1997). No 
elongation of the style was observed in E. marginata at the time of receptivity, as 
was observed in E. regnans (Griffin and Hand, 1979). Wild trees of E. marginata 
have a similar capsule/bud ratio to other Monocalyptus such as E. regnans (Griffin et 
al., 1987) and gamete development also followed closely to another Monocalyptus 
species, E. stellulata (Davis, 1969). An additional difference between E. marginata 
and E. regnans was that the pollen of E. marginata did not require desiccation before 
pollination (Moncur, 1995). Although E. marginata grows in the more mesic areas of 
south-western Australia, the period when anthesis occurs is usually hot and dry 
compared to the climate during the anthesis periods of the eastern cool temperate 
Monocalyptus species. 
 
Implications for breeding dieback-resistant Eucalyptus marginata seedlings that have 
arisen from this work are that breeding protocols are some way off. The very limited 
success seen in the controlled pollination work in producing large quantities of viable                                                                                      Chapter 9. General Conclusions 
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seed limit the breeding program, and this work has pointed to a number of possible 
problems, such as the apparently increased zygote abortion in the clonal populations, 
that must be overcome before successful controlled breeding is possible. However, 
previous work has demonstrated that there is some dieback-resistance in the natural 
populations of E. marginata, giving some hope that natural populations may increase 
their resistance through natural selection. The work presented in this thesis shows 
clear directions for future research. Differences in zygote abortion rates between 
clones and wild trees should be explored using appropriate sample sizes, to ensure 
that robust genotypes are being used for rehabilitation and regeneration. Clonal 
genotypes must also have suitable reproductive characteristics, such as high pollen 
viability and the production of large quantities of viable seed, in order to be suitable 
for use as orchard trees to produce robust seedlings. Clonal populations should also 
contain genetic diversity that reflects the diversity in the natural populations in order 
to avoid inbreeding problems in the future. This may mean that further collections of 
material are necessary for clonal propagation. Once these issues are resolved, 
controlled pollinations protocols should also be resolved easily, since jarrah has been 
seen here to have similar reproductive biology to other Monocalyptus species that 
have already been used in orchard situations.                                                                                                                         References 
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Table A2.1. 3-way repeated measures ANOVA at the 0.05 significance level 
testing the interaction between trees, pollen germination media and the repeated 
pollen measurements (see Table 2.1). 
Summary of all Effects; design: (pollenviability.sta)     
1-TREE, 2-MEDIUM, 3-POLLEN         
Source of   df  MS  df  MS     
Variation Effect  Effect  Error Error  F  p-level 
1 7  11807.14 48 120.8052 97.73702  3.42E-26
2 1  3509.263 48 120.8052 29.04893  2.11E-06
3 4  1001.123 192 158.5661 6.313602  8.57E-05
1 x 2  7  560.9238 48 120.8052 4.643209  0.000496
1 x 3  28  801.2622 192 158.5661 5.053175  3.93E-12
2 x 3  4  319.4525 192 158.5661 2.014633  0.093993
1 x 2 x 3  28  923.5475 192 158.5661 5.82437  2.6E-14
 
Table A2.2. Bartlett’s test for the ANOVA in Table A2.1. 
Tests of Homogeneity of Variances (pollenviability.sta)   
Repeated Hartley  Cochran  Bartlett     
Measurements F-max  C  Chi-sqr  df p 
M1 99 0.263916 36.20469 15 0.001659 
M2   0.180899 14.41123 14 0.419584 
M3   0.39268 38.05264 14 0.000513 
M4   0.275673 31.64093 13 0.002724 
M5   0.351916 95.31398 14 3.93E-14 
 
Table A2.3. 2-way ANOVA at the 0.05 significance level using the second pollen 
measurement in Table A2.1. 
Summary of all Effects; design: (pollenviability.sta)     
1-TREE, 2-MEDIUM         
Source 
of df  MS df  MS    
Variation Effect Effect  Error Error  F  p-level 
1 7  1619.998 48 167.9116 9.647923  1.98E-07
2 1  1837.194 48 167.9116 10.94143  0.001787
1 x2  7  269.9546 48 167.9116 1.607719  0.15608
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Table A2.4. Bartlett’s test for homogeneity of variance at the 0.05 significance 
level using 3 trees from Russell Rd, Wattleup with 10 repeated measurements 
(M1 - M10, with 4 tests for each repeat) to compare BK pollen germination 
medium with BA medium (see Figure 2.1). 
Tests of Homogeneity of Variances (pollenviability.sta)   
Repeated Hartley  Cochran  Bartlett     
measurements F-max  C  Chi-sqr  df p 
M1 18.75 0.425943 6.914257 5 0.227128 
M2 15.54545 0.574442 7.668818 5 0.175491 
M3   0.670598 15.82744 4 0.003265 
M4   0.648999 7.161907 3 0.066933 
M5   0.683344 19.65413 4 0.000586 
M6   0.374732 8.571282 4 0.072782 
M7 100 0.334448 12.42376 5 0.029442 
M8 21.69863 0.448471 6.591351 5 0.252879 
M9 24.57682 0.599149 10.47413 5 0.062892 
M10 33.82857 0.449968 12.14485 5 0.032879 
 
Table A2.5. 3-way repeated measures ANOVA at the 0.05 significance level 
using pollen germination results from the 3 trees at Wattleup with BK and BA 
germination media with measurements 3, 5, 7, and 10 removed (see Figure 2.1). 
Summary of all Effects; design: (pollenviability.sta)     
1-TREE,  2-MEDIUM,  3-POLLEN      
Source of  df  MS  df  MS     
Variation Effect  Effect  Error Error  F  p-level 
1 2  26263.51 18 58.60764 448.1243  4.45E-16
2 1  2550.25 18 58.60764 43.51395  3.4E-06
3 5  37.68333 90 82.82708 0.454964  0.808662
1 x 2  2  680.5364 18 58.60764 11.61174  0.000577
1 x 3  10  646.9698 90 82.82708 7.81109  6.73E-09
2 x 3  5  321.7292 90 82.82708 3.884347  0.003111
1 x 2 x 3  10  224.4469 90 82.82708 2.709825  0.00593
 
Table A2.6. Univariate test on Table A2.2 with adjusted degrees of freedom. 
Univariate Test with Adjusted Degrees of Freedom 
F = 2.709825       
INTERACTION: 1 x 2 x 3     
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.636642 1 0.2
df 1  10  6.366424 10 2
df 2  90  57.29781 90 18
p-level 0.00593  0.019887 0.00593 0.09359
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Table A2.7. Three-way ANOVA with pooled error (3 factors) to test the effects 
of BK and BA pollen germination media, storage times and storage 
temperatures (see Figure 2.2) 
Summary of all Effects; design: (pollenstorage.sta) 
1-MEDIUM, 2-WEEKS, 3-TEMP 
Customized Error Term 
     
Source of 
Variation 
df 
Effect 
MS Effect  df 
Error 
MS Error  F  p-level 
1 1  6129.896  20  98.33833  62.33475  0.000000
2 5  3657.766  20  98.33833  37.19573  0.000000
3 4  1902.270  20  98.33833  19.34413  0.000001
1 x 2  5  92.332  20  98.33833  0.93892  0.477320
1 x 3  4  492.550  20  98.33833  5.00873  0.005813
2 x 3  20  197.400  20  98.33833  2.00736  0.063776
1 x 2 x 3  - -  - -   - -   - -  - -  - -  
 
 
Table A3.1. Wilcoxin matched pairs test at the 0.05 level of significance level 
comparing numbers of pollen tubes in styles and ungerminated pollen grains on 
stigmas using emasculated and non-emasculated techniques (see Table 3.4). 
Pair of Variables  Valid N  T  Z  p-level 
Pollen tubes (e & n)  6  2.5  1.3484  1.77539 
Pollen grains (e & n)  6  2.0  1.782084  0.074745 
 
Table A3.2. Log linear analysis to test the interaction and significance at the 
0.05 significance level of pollinating technique, clone and position of pollen tubes 
in the style (see Figure 3.1). 
Variable Chi-square  d.f.  p  value 
All 6.516504  7  0.4809 
Technique 560.605696  1  0.0000 
Clone 41.432956  1  0.0000 
Position 501.320896  2  0.0000 
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Table A3.3. Chi square test at the 0.05 significance level to test the difference 
between percentages of styles containing pollen tubes in selfed and cross 
pollinated flowers (see Table 3.5). 
Observed vs. Expected Frequencies (pollinations&c.sta) 
Chi-Square = 2.615191, df = 5, p < 0.759053 
   
Case   Observed s&c  Expected s&c O - E  (O – E)**2/E 
Selfed 503J16  56.25  61.81  -5.56  0.500139 
Selfed 162A18  68.75  63.19  5.56  0.489217 
Selfed 5J119  80  81.94  -1.94  0.045931 
Crossed 503J16  85.7  83.76  1.94  0.044933 
Crossed 162A18  80  72.5  7.5  0.775862 
Crossed 5J119  66.6  74.1  -7.5  0.759109 
Sum 437.3  437.3  0.0  2.615191 
 
Table A3.4. Log linear analysis at the 0.05 level of significance to test for 
differences between selfed and crossed pollination success, trees and pollen tube 
positions in the style with two wild trees (Table 3.5). 
Variable Chi-square  d.f.  p-value 
All 6.845282  7  .4452 
Selfed/crossed 7.260758  1  0.0000 
Tree 4.221228  1  0.0000 
Position 6.400678  2  0.0000 
 
Table A3.5. Chi-square test at the 0.05 significance level to test the difference in 
numbers of pollen tubes between wild trees and clones (see Table 3.7). 
Observed vs. Expected Frequencies (wildvsclonepoll.sta) 
Chi-Square = 3.940949 df = 5 p < .557957 
NOTE: Unequal sums of obs. & exp. frequencies 
Variable observed expected   (O-E)**2 
 OBS  EXP  O  -  E  /E 
Top of style clones   6.465 4.13 2.335  1.320151
Middle of style clones  1.23 2.536 -1.306  0.672569
Lower style clones  0.29 1.319 -1.029  0.80276
Top of style wild trees  7.75 10.085 -2.335  0.540627
Middle of style wild trees  7.5 6.194 1.306  0.275369
Lower style wild trees  4.25 3.22 1.03  0.329472
Sum 27.485 27.484 0.001  3.940949
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Table A3.6. Chi square test at the 0.05 significance level to test the difference in 
two clones (5J119 and 503J16) between single and double pollination for 
numbers of pollen tubes in styles (see Figure 3.2). 
Observed vs. Expected Frequencies (wildvsclonepoll.sta) 
Chi-Square = .4050340 df = 3 p < .939200   
Variable observed expected   (O-E)**2 
 OBS1  EXP1  O  -  E  /E 
Single 5J119  3.889 3.309 0.58  0.101662
Single 503J16  2.111 2.691 -0.58  0.125009
Double 5J119  3.625 4.205 -0.58  0.08
Double 503J16  4 3.42 0.58  0.098363
Sum 13.625 13.625 0  0.405034
 
Table A3.7. Chi-square test at the 0.05 significance level to test the difference 
between pollination success at early, middle and late season, using total 
numbers of pollen tubes (see Figure 3.3). 
Observed vs. Expected Frequencies (pollination seasonal.sta) 
Chi-Square = 2.167961 df = 5 p < .825446   
Variable observed expected   (O-E)**2 
 VAR5  VAR6  O  -  E  /E 
5J119 E  0.375 0.207 0.168  0.136348
503J16 E  0 0.168 -0.168  0.168
5J119 M  2.1 3.066 -0.966  0.304356
503J16 M  3.45 2.484 0.966  0.375667
5J119 L  2 1.202 0.798  0.529787
503J16 L  0.176 0.974 -0.798  0.653803
Sum 8.101 8.101 8.33E-17  2.167961
 
Table A3.8. Chi squared test at the 0.05 significance level to test for differences 
between selfed and cross-pollinated fruit held by two wild trees and two clones 
at 6 weeks after pollination (see Table 3.9). 
Observed vs. Expected Frequencies (fruitspollination.sta) 
Chi-Square = 4.156720 df = 7 p < .761553 
NOTE: Unequal sums of obs. & exp. frequencies 
   
Case  Observed  Expected   O - E  (O – E)**2/E 
Wild tree 1 self  0  0  0  0 
Wild tree 2 self  3  5.89  -2.89  1.418014 
5J119 self  5  4.05  0.95  0.222840 
503J16 self  6  4.05  1.95  0.938889 
Wild tree 1 cross  0  0  0  0 
Wild tree 2 cross  13  10  3  0.9 
5J119 cross  6  6.95  -0.95  0.129856 
503J16 cross  5  6.95  -1.95  0.547122 
Sum 38  37.89  0.11  4.156720 
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Table A4.1. Paired t-test taken at the 0.05 level of significance to compare the 
number of seeds/capsule for clones 1J65 and 1J30 for Dwellingup Calm plots 
Freeman Road and Del Park South (see Figure 4.1). 
t-Test: Paired Two Sample for Means 
    
   Variable 1  Variable 2 
Mean 1.602975 1.356625 
Variance 0.081232 0.236833 
Observations 20 20 
Pearson Correlation  0.331775  
Hypothesized Mean Difference  0  
df 19  
t Stat  2.31732  
P(T<=t) one-tail  0.015901  
t Critical one-tail  1.729131  
P(T<=t) two-tail  0.031802  
t Critical two-tail  2.093025   
 
Table A4.2. Chi-squared test taken at the 0.05 significance level to compare seed 
production in clones that are adjacent to other ramets of the same clone on both 
sides with clones that are adjacent to another genotype on at least one side (see 
Figure 4.2, number of seeds per capsule). 
Observed vs. Expected  Frequencies (middleoutside.sta) 
Chi-Square = 0 4152754, df = 11, p < 0.999999 
NOTE: Unequal sums of obs. & exp. frequencies 
   
Case  Observed   Expected   O - E  (O – E)**2/E 
Middle 121J93  0.7  0.9275  -0.2275  0.055802 
Middle 12J96  1.75  1.3875  0.3625  0.094707 
Middle 91J18  2.15  2.0405  0.1095  0.005876 
Middle 162A18  0.95  1.146  -0.196  0.033522 
Middle 25B40  1.0  1.026  -0.026  0.000659 
Middle 19E53  1.1  1.2225  -0.1225  0.012275 
Outside 121J93  1.425  1.1975  0.2275  0.043220 
Outside 12J96  1.2  1.6625  -0.4625  0.128665 
Outside 91J18  2.525  2.6345  -0.1095  0.004551 
Outside 162A18  1.675  1.479  0.196  0.025974 
Outside 25B40  1.35  1.324  0.026  0.000511 
Outside 19E53  1.7  1.5775  0.1225  0.009513 
Sum 17.525  17.625  -0.1  0.415275 
 
Table A4.3. One way ANOVA at the 0.05 significance level comparing the 
difference in genotype for seed production per capsule(see Figure 4.3). 
Summary of all Effects; design: (timingdosebuds.sta) 
1-CLONE 
     
Effect  df Effect  MS Effect  df Error MS Error  F  p-level 
1 4  41.58496  222  0.367722  113.0880  .00000 Appendix I 
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Table A4.4. Chi-squared test at the 0.05 significance level to compare seed 
production in 4 clones over two seasons (See Table 4.6). 
Observed vs. Expected Frequencies (seedproduction.sta) 
Chi-Square = 1.764200 df = 7 p < .971728 
NOTE: Unequal sums of obs. & exp. frequencies 
   
Case  Observed  Expected  O - E  (O – E)**2/E 
121J293 (2000)  1.0  2.2  -1.2  0.654545 
405J295 (2000)  1.3  1.3  0.0  0.0 
163J34 (2000)  2.65  1.95  0.7  0.251282 
1J65 (2000)  2.5  2.0  0.5  0.125 
121J293 (2001)  4.3  3.1  1.2  0.464516 
405J295 (2001)  1.85  1.8  0.05  0.001389 
163J34 (2001  2.05  2.75  -0.7  0.178182 
1J65 (2001)  2.3  2.8  -0.5  0.089286 
Sum 17.95  17.9  -0.05  1.7642 
 
Table A4.5. Chi-squared test at the 0.05 significance level to compare seed 
viability in 4 clones over two seasons (see Table 4.6). 
Observed vs. Expected Frequencies (seedproduction.sta) 
Chi-Square = 19.61356 df = 7 p < .006479 
NOTE: Unequal sums of obs. & exp. frequencies 
   
Case  Observed  Expected  O - E  (O – E)**2/E 
121J293 (2000)  83.35  66.55  16.8  4.24102 
405J295 (2000)  92.3  85.78  6.52  0.49557 
163J34 (2000)  84.6  92.46  -7.86  0.66818 
1J65 (2000)  100  115.47  -15.47  2.07258 
121J293 (2001)  24.25  41.05  -16.8  6.87552 
405J295 (2001)  46.4  52.92  -6.52  0.80330 
163J34 (2001)  64.9  57.04  7.86  1.08309 
1J65 (2001)  86.7  71.2  15.5  3.37430 
Sum 582.5  582.47  0.03  19.61356 
 
Table A4.6. Two way ANOVA at the 0.05 significance level comparing clones 
and wild trees for log10 of the natural bud, flower and fruit loss with the first 
two clonal measurements omitted (see Figure 4.5). 
Summary of all Effects; design: (flowerdrop.sta) 
1-TREE, 2-FRUITDRO       
Source of   df  MS  df  MS     
Variation Effect  Effect  Error  Error  F  p-level 
1 1  .306167 5 .485070  .63118 .462947
2 13  1.764149 65 .140442  12.56138 .000000
1 x 2  13  .557943 65 .140442  3.97275 .000095
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Table A4.7. Bartlett’s test for the ANOVA in Table A4.6. 
Tests of Homogeneity of Variances (flowerdrop.sta)   
 Hartley  Cochran Bartlett     
 F-max  C  Chi-sqr  df p 
NEWVAR30 2.928002 0.745418 0.272789 1 0.601471 
NEWVAR32 8.935407 0.89935 0.897982 1 0.343331 
NEWVAR33 417.1577 0.997609 3.644994 1 0.056247 
NEWVAR35 1.036664 0.509001 0.000381 1 0.984419 
NEWVAR36 3.549734 0.780207 0.364035 1 0.546278 
NEWVAR37 4.591777 0.821166 0.49898 1 0.479954 
NEWVAR38 2.883209 0.742481 0.265893 1 0.606104 
NEWVAR39 1.777853 0.64001 0.08707 1 0.767938 
NEWVAR40 44.80552 0.978169 2.010692 1 0.156204 
NEWVAR41 44.50225 0.978023 2.005801 1 0.156708 
NEWVAR42 3.053602 0.753306 0.291898 1 0.589011 
NEWVAR43 1.811928 0.644372 0.117023 1 0.732288 
NEWVAR44 4.816022 0.828061 0.936086 1 0.333294 
NEWVAR45 85.08694 0.988384 2.476019 1 0.115604 
 
Table A4.8. One-way ANOVA at the 0.05 significance level to compare the 
percentage of buds that develop into mature fruits in wild trees and clones (see 
Table 4.7). 
Summary of all Effects; design: 
(wildtreesclones.sta)    
1-TREE            
Source 
of df  MS  df  MS     
Variation Effect Effect  Error Error  F  p-level 
1 1  31.92022 7 53.326 0.598586  0.46444 
 
Table A5.1. One way ANOVA test at the 0.05 significance level comparing the 
proportion of embryo sacs to the number of ovules for three clones (5J119, 
503J16, 133J38, see Table 5.2). 
Summary of all Effects; design: (embryosacs.sta) 
1-TREE 
      
Effect  df Effect  MS Effect  df Error  MS Error  F  p-level 
1 2  0.147642  6  0.028183  5.23866  0.048283
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Table A5.2. Log linear analysis at the 0.05 significance level testing the 
interactions between trees and selfed and crossed ovaries (numbers of pollen 
tubes in the lower style, around ovules and penetrated ovules, see Table 5.4). 
Variables Chi-square  d.f.  p-level 
All 10.169  6  0.1177 
Position in ovary  18.976  2  -0.1174 
Tree & selfed/crossed  28.531  3  -0.1176 
 
Table A5.3. Two way ANOVA at the 0.05 significance level testing the difference 
between fertilisation rates of selfed and cross-pollinated ovules (without 
degenerating zygotes counted), and the difference between the two trees (wild tree 
2 and clone 5J119, see Table 5.5 and Figure 5.2). 
Summary of all Effects; design: (fertilisationsta.sta) 
1-TREE, 2-SELFX 
      
Effect  df Effect  MS Effect  df Error  MS Error  F  p-level 
1  1  0.035447 12  0.054862 0.646125  0.437136 
2  1  0.471660 12  0.054862 8.597264  0.012555 
1  x  2 1  0.131932 12  0.054862 2.404821  0.146923 
 
Table A5.4. Bartlett’s test for homogeneity of variance for the ANOVA in Table 
A5.3. 
Tests of Homogeneity of Variances (fertilisationsta.sta       
Variable  Hartley F-max  Cochran C Bartlett Chi-sqr df  p 
Fert% 21.70305  0.572463  8.001792  3  0.045993 
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Table A6.1. 4-way repeated measures ANOVA using the last 6 tree height 
measurements (see Figure 6.2). 
Summary of all Effects; design: (timingdoseh&ll.sta)     
1-CLONE, 2-PACLO, 3-TIME, 4-HEIGHT       
Source of   df  MS  df  MS     
Variation Effect  Effect  Error Error  F  p-level 
1 4  44.6153 156 2.462242 18.11979  3.05E-12
2 2  11.48057 156 2.462242 4.662649  0.010796
3 2  1.243474 156 2.462242 0.505017  0.604479
4 5  18.52938 780 0.057208 323.897  0
1 x 2  8  2.52742 156 2.462242 1.026471  0.418442
1 x 3  8  1.735515 156 2.462242 0.704851  0.686934
2 x 3  4  1.36107 156 2.462242 0.552777  0.697273
1 x 4  20  0.217768 780 0.057208 3.806629  4.89E-08
2 x 4  10  0.94067 780 0.057208 16.44309  3.8E-27
3 x 4  10  0.457887 780 0.057208 8.003944  2.34E-12
1 x 2 x 3  16  0.930954 156 2.462242 0.378092  0.98581
1 x 2 x 4  40  0.12733 780 0.057208 2.225747  2.99E-05
1 x 3 x 4  40  0.063872 780 0.057208 1.116503  0.28879
2 x 3 x 4  20  0.196576 780 0.057208 3.436184  6.44E-07
1 x 2 x 3 x 4  80  0.053 780 0.057208 0.926456  0.659022
 
Table A6.2. Greenhouse-Geiser epsilon for Table A6.1 for interaction between 
time/height  
Univariate Test with Adjusted Degrees of Freedom 
F = 8.003944       
INTERACTION: 3 x 4       
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.645327 0.846422 0.2
df 1  10 6.453268 8.464216 2
df 2  780 503.3549 660.2089 156
p-level 2.34E-12 1.05E-08 8.84E-11 0.000491
 
Table A6.3. Greenhouse-Geiser epsilon for Table A6.1 for interaction between 
paclo/time/height (see Figure 6.2). 
Univariate Test with Adjusted Degrees of Freedom 
F = 3.436184       
INTERACTION: 2 x 3 x 4     
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.645327 0.846422 0.2
df 1  20  12.90654 16.92843 4
df 2  780  503.3549 660.2089 156
p-level 6.44E-07  4.28E-05 3.93E-06 0.01009
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Table A6.4. Greenhouse-Geiser epsilon for Table A6.1 for interaction between 
clone/paclo/height. 
Univariate Test with Adjusted Degrees of Freedom 
F = 2.225747       
INTERACTION: 1 x 2 x 4     
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.645327 0.846422 0.2
df 1  40  25.81307 33.85686 8
df 2  780  503.3549 660.2089 156
p-level 2.99E-05  0.000574 0.000107 0.028282
 
Table A6.5. 2-way repeated measures ANOVA testing the effect of 
paclobutrazol treatment on all 9 height measurements with Greenhouse-Geiser 
epsilon. 
Summary of all Effects; design: (timingdoseh&ll.sta)     
1-PACLO, 2-HEIGHT         
Source of  df  MS  df  MS     
Variation Effect  Effect  Error Error  F  p-level 
1 2  3.897094 106 3.702118 1.052666  0.352625
2 8  19.81753 848 0.112898 175.5347  0
1 x 2  16  0.200262 848 0.112898 1.773834  0.030372
 
Univariate Test with Adjusted Degrees of Freedom 
F = 1.773834       
INTERACTION: 1 x 2       
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.323069 0.338098 0.125
df 1  16  5.169102 5.409561 2
df 2  848  273.9624 286.7067 106
p-level 0.030372  0.115848 0.112237 0.174681
 
Table A6.6. 2-way repeated measures ANOVA testing the effect of time of 
treatment on all 9 height measurements. 
Summary of all Effects; design: (timingdoseh&ll.sta)     
1-TIME, 2-HEIGHT         
Source of   df  MS  df  MS     
Variation Effect Effect  Error Error  F  p-level 
1 2  0.477191 106 3.766644 0.126689  0.881141
2 8  23.30064 848 0.11578 201.2484  0
1 x 2  16  0.047493 848 0.11578 0.410201  0.980351
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Table A6.7. 4-way repeated measures ANOVA using the last six leaf 
measurements (April 2001 to June 2002, see Figure 6.3). 
Summary of all Effects; design: (timingdoseh&ll.sta)     
1-CLONE, 2-PACLO, 3-TIME, 4-LLENGTH       
Source of   df  MS  df  MS     
Variation Effect  Effect  Error Error  F  p-level 
1 4  80.95692 156 3.151876 25.68531  2.32E-16
2 2  160.7467 156 3.151876 51.00031  9.06E-18
3 2  15.86406 156 3.151876 5.033211  0.007616
4 5  4.909713 780 1.36016 3.609657  0.003105
1 x 2  8  4.134656 156 3.151876 1.311808  0.241329
1 x 3  8  3.255379 156 3.151876 1.032838  0.413737
2 x 3  4  4.482501 156 3.151876 1.422169  0.229127
1 x 4  20  3.918538 780 1.36016 2.880938  2.69E-05
2 x 4  10  4.348497 780 1.36016 3.197047  0.000486
3 x 4  10  3.024731 780 1.36016 2.223804  0.014907
1 x 2 x 3  16  2.271897 156 3.151876 0.720808  0.769816
1 x 2 x 4  40  2.18002 780 1.36016 1.602767  0.011386
1 x 3 x 4  40  1.395879 780 1.36016 1.026261  0.427649
2 x 3 x 4  20  1.217443 780 1.36016 0.895073  0.593832
1 x 2 x 3 x 4  80  0.98566 780 1.36016 0.724664  0.964877
 
 
Table A6.8. Greenhouse-Geiser epsilon for Table A6.5 for interaction between 
clone/paclo/leaf length. 
Univariate Test with Adjusted Degrees of Freedom
F = 1.602767       
INTERACTION: 1 x 2 x 4     
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.952893 1 0.2
df 1  40  38.11572 40 8
df 2  780  743.2565 780 156
p-level 0.011386  0.013004 0.011386 0.128045
 
Table A6.9. Greenhouse-Geiser epsilon for Table A6.5 for interaction between 
time of application and repeated leaf length. 
Univariate Test with Adjusted Degrees of Freedom 
F = 2.223804       
INTERACTION: 3 x 4       
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.952893 1 0.2
df 1  10  9.528931 10 2
df 2  780  743.2565 780 156
p-level 0.014907  0.016697 0.014907 0.111616Appendix I 
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Table A6.10. 3-way repeated measures ANOVA including all leaf lengths for 
interaction between clone, paclobutrazol treatment and the repeated leaf 
measurements (see Figure 6.4). 
Summary of all Effects; design: (timingdoseh&ll.sta)     
1-CLONE, 2-PACLO, 3-LLENGTH       
Source of  df  MS  df  MS     
Variation Effect  Effect  Error Error  F  p-level 
1 4  56.82793 94 2.443598 23.25584  2.21E-13
2 2  92.34734 94 2.443598 37.79154  9.04E-13
3 8  83.99505 752 1.286193 65.30516  0
1 x 2  8  5.831635 94 2.443598 2.386495  0.021814
1 x 3  32  3.063999 752 1.286193 2.382223  3.52E-05
2 x 3  16  8.865371 752 1.286193 6.892721  6.53E-15
1 x 2 x 3  64  2.087718 752 1.286193 1.623176  0.00208
 
 
Table A6.11. Greenhouse-Geiser epsilon testing the 3 way interaction in Table 
A6.8. 
Univariate Test with Adjusted Degrees of Freedom 
F = 1.623176       
INTERACTION: 1 x 2 x 3     
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.758731 0.937696 0.125
df 1  64  48.5588 60.01252 8
df 2  752  570.566 705.1471 94
p-level 0.00208  0.006044 0.002734 0.12853
 
Table A6.12. 3-way repeated measures ANOVA including all leaf length 
measurements testing the interaction of factors of time of application, place in 
the orchard and the repeated leaf lengths. 
Summary of all Effects; design: (timingdoseh&ll.sta)     
1-TIME, 2-PLACE, 3-LLENGTH         
Source of   df  MS  df  MS     
Variation Effect  Effect  Error Error  F  p-level 
1 2  36.91658 86 5.795196 6.370204  0.002631
2 1  16.56725 86 5.795196 2.858789  0.094497
3 8  31.017 688 1.386497 22.37077  1.8E-30
1 x 2  2  19.32045 86 5.795196 3.333874  0.040318
1 x 3  16  2.563997 688 1.386497 1.849263  0.022224
2 x 3  8  5.877734 688 1.386497 4.23927  5.56E-05
1 x 2 x 3  16  0.403647 688 1.386497 0.291127  0.997094
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Table A6.13. Greenhouse-Geiser epsilon testing the interaction of time and leaf 
length in Table A6.10. 
Univariate Test with Adjusted Degrees of Freedom 
F = 1.849263       
INTERACTION: 1 x 3       
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.683532 0.777767 0.125
df 1  16  10.93651 12.44427 2
df 2  688  470.2699 535.1036 86
p-level 0.022224  0.044311 0.035969 0.163556
 
Table A6.14. Greenhouse-Geiser epsilon for testing the interaction of place in 
the orchard and leaf length in Table A6.10. 
Univariate Test with Adjusted Degrees of Freedom 
F = 4.239270       
INTERACTION: 2 x 3       
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.683532 0.777767 0.125
df 1  8  5.468255 6.222135 1
df 2  688  470.2699 535.1036 86
p-level 5.56E-05  0.000579 0.000287 0.042525
 
Table A6.15. 4-way repeated measures ANOVA using 8 leaf length 
measurements (see Figure 6.5). 
Summary of all Effects; design: (fertheightllength.sta)     
1-CLONE, 2-PACLO, 3-FERT, 4-LLENGTH     
Source of  df  MS  df  MS     
Variation Effect  Effect Error Error  F  p-level 
1 4 131.7164 90 4.206351 31.31369  2.47E-16
2 2 47.14066 90 4.206351 11.20702  4.51E-05
3 1 9.433688 90 4.206351 2.242725  0.137743
4 7 1.647953 630 1.368218 1.204452  0.297961
1 x 2  8 2.509818 90 4.206351 0.596673  0.778296
1 x 3  4 4.180743 90 4.206351 0.993912  0.415125
2 x 3  2 1.395507 90 4.206351 0.331762  0.718532
1 x 4  28 2.300639 630 1.368218 1.681485  0.016094
2 x 4  14 6.34684 630 1.368218 4.638763  4.45E-08
3 x 4  7 2.535257 630 1.368218 1.852963  0.074839
1 x 2 x 3  8 3.550818 90 4.206351 0.844156  0.566497
1 x 2 x 4  56 1.249409 630 1.368218 0.913165  0.655097
1 x 3 x 4  28 1.290159 630 1.368218 0.942948  0.551392
2 x 3 x 4  14 2.689487 630 1.368218 1.965686  0.018184
1 x 2 x 3 x 4  56 0.936204 630 1.368218 0.684251  0.961494
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Table A6.16. Greenhouse-Geiser epsilon testing interaction between clone and 
leaf length in Table A6.13. 
Univariate Test with Adjusted Degrees of Freedom 
F = 1.681485       
INTERACTION: 1 x 4       
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.849739 1 0.142857
df 1  28  23.7927 28 4
df 2  630  535.3358 630 90
p-level 0.016094  0.02344 0.016094 0.16119
 
Table A6.17. Greenhouse-Geiser epsilon testing the interaction between 
paclobutrazol treatment and leaf length in Table A6.13. 
Univariate Test with Adjusted Degrees of Freedom 
F = 4.638763       
INTERACTION: 2 x 4       
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.849739 1 0.142857
df 1  14  11.89635 14 2
df 2  630  535.3358 630 90
p-level 4.45E-08  3.78E-07 4.45E-08 0.012095
 
Table 6.18. Greenhouse-Geiser epsilon testing the interaction between 
paclobutrazol treatment, fertiliser treatment and leaf length in Table A6.13 
Univariate Test with Adjusted Degrees of Freedom 
F = 1.965686       
INTERACTION: 2 x 3 x 4     
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.849739 1 0.142857
df 1  14  11.89635 14 2
df 2  630  535.3358 630 90
p-level 0.018184  0.025723 0.018184 0.146027
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Table A6.19. 4-way repeated ANOVA using the last three girth measurements 
(September 2001 to March 2002). 
Summary of all Effects; design: (timedosegirth.sta)     
1-CLONE, 2-PACLO, 3-TIME, 4-GIRTH     
Source of   df  MS  df  MS     
Variation Effect  Effect Error Error  F  p-level 
1 4  1996.9 182 147.4821 13.53995  1.11E-09
2 2  396.7109 182 147.4821 2.689892  0.070587
3 2  3.592447 182 147.4821 0.024359  0.975939
4 2  5900.693 364 7.540113 782.5735  0
1 x 2  8  222.0654 182 147.4821 1.505711  0.157829
1 x 3  8  128.8264 182 147.4821 0.873505  0.539939
2 x 3  4  15.44681 182 147.4821 0.104737  0.980742
1 x 4  8  40.93751 364 7.540113 5.429296  1.78E-06
2 x 4  4  18.70675 364 7.540113 2.480964  0.043611
3 x 4  4  5.676132 364 7.540113 0.752791  0.556655
1 x 2 x 3  16  71.08459 182 147.4821 0.481988  0.953485
1 x 2 x 4  16  12.83804 364 7.540113 1.702633  0.0441
1 x 3 x 4  16  4.660216 364 7.540113 0.618056  0.869567
2 x 3 x 4  8  7.448938 364 7.540113 0.987908  0.444995
1 x 2 x 3 x 4  32  8.423814 364 7.540113 1.1172  0.307287
 
Table A6.20. Greenhouse-Geiser epsilon for testing the interaction between 
clone and the repeated girth measurements in Table A6.16. 
Univariate Test with Adjusted Degrees of Freedom 
F = 5.429296       
INTERACTION: 1 x 4       
   Greenhs.  Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.841181 1 0.5 
df 1  8  6.729451 8 4 
df 2  364  306.19 364 182 
p-level 1.78E-06  9.6E-06 1.78E-06 0.000375 
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Table A6.21. 3-way ANOVA testing the interaction between clone, paclo and 
time for the log 10 bud production in the season of 2001. 
Summary of all Effects; design: (timingdosebuds.sta)     
1-CLONE, 2-PACLO, 3-TIME         
Source 
of    df  MS df  MS    
Variation Effect Effect  Error Error  F  p-level 
1 4  27.63949 182 1.545055 17.889  2.1E-12
2 2  0.472927 182 1.545055 0.306091  0.736698
3 2  6.899019 182 1.545055 4.465225  0.012789
1 x 2  8  0.929013 182 1.545055 0.601282  0.776051
1 x 3  8  0.758152 182 1.545055 0.490696  0.861834
2 x 3  4  2.235222 182 1.545055 1.446694  0.220418
1 x 2 x 3  16  1.094929 182 1.545055 0.708666  0.783041
 
 
Table A6.22. 3-way ANOVA testing the interaction between clone, paclo and 
time for the log 10 bud production in the season of 2002. 
Summary of all Effects; design: (timingdosebuds.sta)     
1-CLONE, 2-PACLO, 3-TIME         
Source of   df  MS  df  MS     
Variation Effect Effect  Error Error  F  p-level 
1 4  4.386084 182 0.438718 9.997502  2.46E-07
2 2  3.276708 182 0.438718 7.468827  0.000763
3 2  1.162733 182 0.438718 2.650297  0.073356
1 x 2  8  0.385876 182 0.438718 0.879553  0.534828
1 x 3  8  0.47626 182 0.438718 1.085573  0.375142
2 x 3  4  0.650738 182 0.438718 1.483272  0.209043
1 x 2 x 3  16  0.406076 182 0.438718 0.925597  0.54099
 
 
Table A6.23. 3-way ANOVA testing the interaction between clone, 
paclobutrazol treatment and application time in log 10 capsule production for 
the season of 2002. 
Summary of all Effects; design: (timingdosebuds.sta)     
1-CLONE, 2-PACLO, 3-TIME         
Source  of  df  MS df  MS    
Variation Effect  Effect  Error Error  F  p-level 
1 4  35.3437 182 0.438507 80.6001  0
2 2  0.38056 182 0.438507 0.867854  0.421582
3 2  1.033248 182 0.438507 2.356288  0.097657
1 x 2  8  1.203719 182 0.438507 2.745039  0.006963
1 x 3  8  0.247188 182 0.438507 0.563704  0.806664
2 x 3  4  0.283587 182 0.438507 0.646711  0.629892
1 x 2 x 3  16  0.31868 182 0.438507 0.726738  0.764407Appendix I 
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Table A6.24. 3-way ANOVA testing the interaction between clone, 
paclobutrazol treatment and application time in log 10 seed production for the 
season of 2002 (see Figures 6.6, 6.7). 
Summary of all Effects; design: (timingdosebuds.sta)     
1-CLONE, 2-PACLO, 3-TIME         
Source  of  df  MS df  MS    
Variation Effect  Effect  Error Error  F  p-level 
1 4  41.51572 182 0.375467 110.571  0
2 2  0.252281 182 0.375467 0.671914  0.511992
3 2  1.315696 182 0.375467 3.504164  0.032117
1 x 2  8  0.308438 182 0.375467 0.821478  0.584586
1 x 3  8  0.244459 182 0.375467 0.651081  0.73387
2 x 3  4  0.44508 182 0.375467 1.185405  0.318759
1 x 2 x 3  16  0.271661 182 0.375467 0.723528  0.767755
 
Table A6.25. 3-way ANOVA testing the interaction between clone, 
paclobutrazol treatment and fertiliser treatment for log 10 bud production of 
2001. 
Summary of all Effects; design: (fertfruits.sta)     
1-CLONE, 2-PACLO, 3-FERT         
Source  of  df  MS df  MS    
Variation Effect  Effect  Error Error  F  p-level 
1 4  19.44219 126 1.908584 10.18671  3.54E-07
2 2  1.855839 126 1.908584 0.972364  0.381007
3 1  3.993756 126 1.908584 2.092524  0.150505
1 x 2  8  0.756732 126 1.908584 0.396489  0.920731
1 x 3  4  0.351235 126 1.908584 0.184029  0.946335
2 x 3  2  3.814761 126 1.908584 1.998739  0.13978
1 x 2 x 3  8  0.953157 126 1.908584 0.499406  0.854769
 
Table A6.26. 3-way ANOVA testing the interaction between clone, 
paclobutrazol treatment and fertiliser treatment for log 10 bud production in 
2002. 
Summary of all Effects; design: (fertfruits.sta)     
1-CLONE, 2-PACLO, 3-FERT         
Source  of  df  MS df  MS    
Variation Effect  Effect  Error Error  F  p-level 
1 4  33.13512 116 0.467241 70.91652  2.92E-30
2 2  4.784184 116 0.467241 10.23922  8.03E-05
3 1  0.014437 116 0.467241 0.030898  0.860776
1 x 2  8  1.176786 116 0.467241 2.518584  0.0146
1 x 3  4  0.289767 116 0.467241 0.620166  0.64902
2 x 3  2  0.848427 116 0.467241 1.815822  0.167298
1 x 2 x 3  8  0.444864 116 0.467241 0.952108  0.477003Appendix I 
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Table A6.27. 3-way ANOVA testing the interaction between clone, 
Paclobutrazol treatment and fertiliser treatment for log 10 capsule production 
in 2002. 
Summary of all Effects; design: (fertfruits.sta)     
1-CLONE, 2-PACLO, 3-FERT       
Source of  df  MS  df  MS     
Variation Effect  Effect  Error Error  F  p-level 
1 4  10.14119 116 0.45867 22.10999  1.39E-13
2 2  1.316274 116 0.45867 2.869761  0.060748
3 1  0.734555 116 0.45867 1.601489  0.208228
1 x 2  8  0.268371 116 0.45867 0.585107  0.788452
1 x 3  4  0.431654 116 0.45867 0.9411  0.442865
2 x 3  2  0.40144 116 0.45867 0.875226  0.419502
1 x 2 x 3  8  0.403054 116 0.45867 0.878744  0.536678
 
Table 6.28. 3-way ANOVA testing the interaction between clone, Paclobutrazol 
treatment and fertiliser treatment for log 10 seed production in 2002 (see 
Figures 6.9, 6.10). 
Summary of all Effects; design: (fertfruits.sta)     
1-CLONE, 2-PACLO, 3-FERT         
Source  of    df  MS df  MS    
Variation Effect  Effect  Error Error  F  p-level 
1 4  3.012119 116 0.353181 8.528545  4.55E-06
2 2  0.338726 116 0.353181 0.959073  0.386266
3 1  0.122951 116 0.353181 0.348125  0.556324
1 x 2  8  0.242268 116 0.353181 0.68596  0.703152
1 x 3  4  0.150471 116 0.353181 0.426046  0.789574
2 x 3  2  0.247416 116 0.353181 0.700537  0.498406
1 x 2 x 3  8  0.142756 116 0.353181 0.404201  0.916213
 
Table A6.29. 3-way ANOVA testing the interaction of the control and high 
paclobutrazol treatments, clone and place in the orchard on log 10 seed 
production. 
Summary of all Effects; design: (fertfruits.sta)     
1-CLONE, 2-PACLO, 3-PLACE       
Source of  df  MS  df  MS     
Variation Effect  Effect  Error Error  F  p-level 
1 4  2.546604 79 0.369155 6.898472  8.15E-05
2 1  0.090219 79 0.369155 0.244395  0.622422
3 1  0.397965 79 0.369155 1.078044  0.302303
1 x 2  4  0.224207 79 0.369155 0.607353  0.658506
1 x 3  4  0.299819 79 0.369155 0.812175  0.521129
2 x 3  1  0.914917 79 0.369155 2.47841  0.119415
1 x 2 x 3  4  0.414308 79 0.369155 1.122315  0.352016Appendix I 
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Table A6.30. 1-way ANOVA testing the effect of the unplanned fire on bud 
production in the season of 2002. 
Summary of all Effects; design: (fertfruits.sta)     
1-FIRE            
Source of  df  MS  df  MS     
Variation Effect  Effect  Error Error  F  p-level 
1 1  2.050634 144 1.46304 1.401625  0.238402
 
Table A6.31. 2-way ANOVA testing the effect of the unplanned fire on the 
height measurements. 
Summary of all Effects; design: (timingdoseh&ll.sta)     
1-FIRE, 2-HEIGHT           
Source  of  df  MS df  MS    
Variation Effect  Effect  Error Error  F  p-level 
1 1  29.04239 225 3.604048 8.058269  0.004944
2 5  6.25289 1125 0.102343 61.09745  0
1 x 2  5  0.31037 1125 0.102343 3.032649  0.010018
 
Table A6.32. Greenhouse-Geiser epsilon testing the interaction between fire and 
tree height in Table A6.29. 
Univariate Test with Adjusted Degrees of Freedom 
F = 3.032649       
INTERACTION: 1 x 2       
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.443524 0.450125 0.2
df 1  5  2.217621 2.250626 1
df 2  1125  498.9646 506.3909 225
p-level 0.010018  0.043729 0.042957 0.082971
 
Table A6.33. 2-way ANOVA testing the effect of the unplanned fire on leaf 
length. 
Summary of all Effects; design: (timingdoseh&ll.sta)     
1-FIRE, 2-LLENGTH           
Source of  df  MS  df  MS     
Variation Effect  Effect  Error Error  F  p-level 
1 1  0.019788 225 6.955366 0.002845  0.957509
2 5  0.988203 1125 1.50447 0.656845  0.656321
1 x 2  5  4.616485 1125 1.50447 3.068513  0.00931
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Table A6.34. Greenhouse-Geiser epsilon testing the interaction between fire and 
leaf length in Table A6.31. 
Univariate Test with Adjusted Degrees of Freedom 
F = 3.068513       
INTERACTION: 1 x 2       
   Greenhs. Huynh  Lower 
 Unadjstd  Geisser  Feldt  Bound 
Epsilon   0.934011 0.960471 0.2
df 1  5  4.670056 4.802356 1
df 2  1125  1050.763 1080.53 225
p-level 0.00931  0.011097 0.010342 0.081185
 